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STRAIN MEASUREMENT IN THE REINFORCEMENT FOR 
THE DOME OF THE NATURAL HISTORY BUILDING 


By W. C. Lyon, H. L. Whittemore, A. H. Stang, and L. R. Sweetman 


ABSTRACT 


Slight outward movement of the brick piers supporting the dome over the 
rotunda of the Natural History Building of the National Museum caused cracks 
along the joints in the masonry and in the stone arches under them. To rein- 
force the structure the pendentives were surrounded by a framework of struc- 
tural steel. Inwardly directed forces were exerted on the masonry by many 
screw jacks, to prevent further movement. 

To control the jacking operation, readings were taken on a large number of 
gage lines on the frame work, using a Whittemore strain gage. The stress in the 
framework was computed from these readings. Approximately the desired 
stress in each member was obtained. 

The safety of the dome and its supporting structure was assured. 
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I. INTRODUCTION 


The Natural History Building of the United States National 
Museum,! one of the group of buildings of the Smithsonian Institu- 
tion in Washington, D. C., was built during the period 1904 to 1911. 
It covers an area of 168 752 square feet, including 32,581 square feet 
in two interior courts, the principal length, east to west, being 561 
feet and from north to south 364 feet. In style it is of modern classic 
architecture of monumental character executed in granite. 

“ane commanding architectural feature of the building i is a pavilion 

I8 feet square at the center of the south range inclosing an open 











a Description taken from Bulletin 80, National Museum Smithsonian Institution, by Richard Rathbun, 
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rotunda, 81% feet in diameter, surmounted by ceiling and roof domes 
125 and 142 feet above the main floor. On the exterior this centra] 
feature is accentuated by a Roman Corinthian portico, the order of 
which extends through three stories, a height of 56 feet. Behind the 
portico the main wall rises to a height of 102 feet, or within 14 feet of 
the level of the base of the roof dome over the rotunda. 

The rotunda through three stories (62% feet) is of irregular octag- 
onal plan. The sides parallel to the principal axes are 47 feet long 
and those in the diagonal. 16% feet. The longer sides have arched 
openings 38 feet wide extending through four stories, leaving the mas- 
sive masonry piers on the four diagonals to support the upper part and 
the roof. Two of these piers are shown in Figure 1. Pendentives of 
corbeled brick masonry merge the octagonal section into a 72-foot diam- 
eter circular drum above the arched openings, thus bringing the inside 
face of the drum 5% feet inside of the inside face of the piers on which 
the load is supported. This inside diameter of the drum is main- 
tained for a height of some 8% feet above the arches, and above which 
the diameter is increased to 78 feet, the thickness of the wall above 
this offset being 3 feet 9 inches. Just below this offset in the wall 
thickness the Guastavino ceiling dome rests on a ledge corbeled from 
the inside face of the drum. The main or roof dome is also of Guas- 
tavino construction and rests on the top of the drum near its outside. 


II. CONDITION OF THE DOME SUPPORTS 


A few years after the building was occupied, opening of the joints 
at the keystone of the semicircular arches in the rotunda was noticed. 
Observations made on the progress of this movement over a period of 
10 years indicated continued progress. The keystone in the east arch 
which had moved more than the others is shown in Figures 3 and 4. 

A section of one of the pendentives between the fourth floor and 
the domes is shown in Figure 2. The estimated weight of the steel- 
banded main dome and its supports above the piers is about 6,000,000 
pounds. If this weight is assumed to be equally distributed to the 
four piers, the action lines are vertical and 74 inches inside the center 
line of the pendentive at the thinnest section. The outside of the 
main dome is, in fact, 18 inches inside of the inner surface at this 
place. This dome and its supporting structure would, therefore, under 
the worst condition exert an eccentric compressive force of about 
1,500,000 pounds on each of the piers. The bending stresses were in- 
creased by the smaller, but more eccentric, resultant forces exerted by 
the weight of the ceiling dome. 

It is probable that these forces were sufficiently eccentric to cause 
tension in the outer surfaces of the pendentives. Cracks (see fig. 5) 
which were thought to indicate tensile stresses, were noticed in the 
mortar joints on these surfaces. 

The reinforcing of the dome supports was planned by the staff of 
the Office of the Supervising Architect, Treasury Department. 

: W. C. Lyon, a member of the structural division of the staff, was 
in direct charge of the work which was performed by contractors. 
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Figure 1.—The rotunda 


Note the piers and the arches supporting the dome. 
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Fiaure 2.—Section through brick pendentive and drum 
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III. REINFORCING THE DOME SUPPORTS 
1. STEEL FRAMEWORK 


To prevent further movement of the piers, a riveted steel frame- 
work was designed to surround the structure as shown in Figures 
2 and 6. Six vertical steel I-beams were placed back of, and above, 
each pier and supported at their upper and lower ends by horizontal 
built-up beams. The horizontal beams were held in place by 
connecting the ends of adjacent beams by means of tension mem- 
bers so as to form two steel frames or “rings,” one at the upper 
end of the vertical beams and the other at the lower end. The 


















































































































































Ficure 6.—Isometric view of steel framework 


tension members in the lower ‘‘ring’”’ consisted of two steel plates, 
while those in the upper ‘‘ring”’ consisted of two channels placed 
back to back. The tension members had an over-all length of 
about 58 feet and were spliced near the middle. 


2. JACKS 


Eight screw jacks were placed between each beam and the wall. 
The base of each jack was bolted to the flange of the beam and the 
bearing plate was bedded in plaster of Paris against the outer surface 
of the masonry. 

The arrangement of the jacks is shown in Figures 2 and 7. By 
rotating the jackscrews, inwardly directed forces could be exerted 
to prevent further outward movement. No attempt was made 
to bring the piers back to their original position. To apply the 
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Figure 5.—Tensile crack in mortar joint of brick pendentive supporting Uv 
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forces exerted by the jacks slowly and as nearly uniformly as possible 
above each pier, the jacking operation schedule shown in Table 1 
was followed. This operation was started on January 3, 1929, 
and completed February 11, 1929. 


TABLE 1.—Jacking schedule 
(The location of each tier of jacks is shown in fig. 2) 
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The pitch of the screw was one-quarter inch so the jack advanced 
one-forty-eighth inch for each 30° turn of the screw. As it was 
impracticable to turn all of the 24 jackscrews in a tier simultaneously, 
the jackscrews in the given tier on Beam III for each of the four 
piers were turned at a given signal. Ten minutes later, the jack- 
screws on Beam IV were turned. Similarly, the remaining jacks 
in the tier were turned in sequence II, V, VI, I until at the end of 
an hour each of the 24 jacks in the tier had been turned 30°. 

On the first working day all the jackscrews in tiers 2, 3, 1, and 4 
were turned as listed in Table 1. Four hours were required. The 
jacks were not moved again until the second working day when all 
the jackscrews in tiers 2, 3, 5, and 2 were turned in four hours. The 
schedule was completed in 27 working days. The forces exerted 
by the jacks were increased very slowly to allow time for adjustments 
in the masonry and framework. 

The schedule was so arranged that the greater forces were exerted 

by the lower tiers of jacks where computation showed the maximum 
tensile stresses in the masonry. » To exert the desired restraint, it 
was estimated that a tensile stress of about 14,000 lb./jin.*? would 
not be exceeded at any point in the framework. 
_ During the latter part of the jacking operation, some modifications 
in the schedule were made to obtain approximately the same stress 
in gage lines similarly located with respect to the piers. The stresses 
computed from the strain-gage readings were used as a guide in 
making these modifications. 


IV. STRAIN MEASUREMENTS 
1. STRAIN GAGE 


As the force exerted by a screwjack can not be determined satis- 
factorily by measuring the torque applied to the screw, the stresses 
in the framework were computed from strain-gage readings, obtained 
by members of the staff of the National Bureau of Standards. 

The Whittemore fulcrum plate strain gage shown in Figure 8 
was used on gage lines having a length of 10 inches. This instrument 
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was designed for the Committee on Arch Dam Investigation, at the 
request of the Engineering Foundation.’ A geared dial micrometer, 
graduated to 0.0001 inch and having a range of 0.1 inch, is usually 
used on thisinstrument. For this investigation, however, it was found 
that with care the holes could be drilled so that the maximum differ- 
ence in the lengths of the gage lines did not exceed 0.01 inch. This 
close control of the gage length permitted the use of a Last Word 
dial micrometer graduated to 0.0001 inch and having a range of 0.024 
inch. The error of this dial did not exceed one division, and its use 
was, therefore, preferred. Stresses up to about 20,000 lbs./in.? in 
either tension or compression could, therefore, be measured. 


2. METHOD OF READING STRAINS 


The temperature of the framework inside the building was so nearly 
constant during these tests that it was not considered necessary to 
correct the readings of the strain gage for differences of temperature. 

Although the reading of the instrument depends somewhat upon 
the skill of the observer, it was found that the errors in these readings 
in all probability did not exceed 0.00016 inch, equivalent to 500 
lbs./in.’. 

The stresses in the framework caused by assembling and by riveting 
the members were neglected, as they were probably low. The work 
would have been delayed if readings had been taken on the members 
resting horizontally on a continuous support before assembly. The 
gage holes (0.043 inch diameter) were, therefore, drilled after the 
framework had been completely erected. The initial strain-gage 
readings were taken with the jacks tightened by turning the screw 
with the hand. 

The strain gage was applied to the standard bar (mild steel similar 
to the framework) and then in succession to several gage lines on the 
framework and the readings recorded. Readings were made by estima- 
tion to the nearest one-tenth of one division of the dial (0.00001 inch). 
This procedure was then repeated on the same gage lines. Additional 
readings were taken on any gage line for which the difference between 
the two readings was one division of the dial (0.0001 inch) until two 
consecutive readings did not differ as much as one division. 

Figure 9 shows an observer taking strain-gage readings on the lower 
“‘ring.”” Four observers, each provided with a strain gage, obtained 
readings simultaneously. 

Before the jacking schedule for the day was started, readings were 
taken anallgagelines. After the jackscrewsin each tier had been turned, 
readings were taken on the lower gage lines on the vertical beams. 
Upon the completion of the jacking schedule for the day, readings 
were again taken on all gage Daas. 


3. LOCATION OF GAGE LINES 


ithe gage lines were laid out on the framework in the positions 
shown in Figure 6. Those adjacent to each pier were numbered 
consecutively from 1 to 22; 1 to 5 being on the lower ‘‘ring,”’ 6 to 17 
on the beams, and 18 to 22 on the upper “ring.”” The total number 
of gage lines was 88. 





?American Society of Civil Engineers, Papers and Discussions, Engineering Foundation Committee 00 
Arch Dam Investigation, Arch Dam Investigation, 1, p. 64; November, 1927. 
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V. STRESSES IN THE FRAMEWORK 
1. METHOD OF COMPUTING STRESSES 


The stresses were computed from the strain-gage readings using the 
formula 


é 
S=;E 


in which 
S=stress, lbs./in.’. 
L=gage length, 10 inches. 
E= ay modulus of elasticity forsteel, assumed to be 29,000,000 
s./in.?. 
»= the difference in inches between the initial reading and the 
reading after forces had been exerted on the framework. 


A difference of one division on the dial (0.0001 inch) was, therefore, 
equivalent to a change in stress of about 290 lbs./in.? in the frame- 
work, 

As the temperature was practically constant, the reading of the 
standard bar served only to show that the strain gage was operating 
satisfactorily and that the zero on the dial had not been displaced 
accidentally. 


2. STRESSES IN THE VERTICAL BEAMS 


The changes in the stress in the vertical beams from day to day 
caused by the jacking are shown graphically in Figure 10. The ordi- 
nates of the graphs represent tensile stress, while the abscissas repre- 
sent the number of calendar days elapsed since the beginning of 
= jacking operations. The location of each gage line is shown in 
‘igure 6. 

The stresses in the outer beams (6 and 11 near the edges of the pier) 
are, in most cases, higher than in the inner beams (8 and 9). On the 
same day there was not a great deal of difference between the stresses 
in beams similarly placed with respect to the piers. The highest 
observed stress was about 7,000 lbs./in.?, indicating that the factor of 
safety for these beams was very high. 


3. STRESSES IN THE “RINGS” 
(a) BEHIND PIERS 


The stresses in the “rings” behind the piers are shown in Figure 11, 
using the same method of presentation as for the beams. The stresses 
are about the same behind each pier showing that the final adjustment 
of the jacks produced the desired result. 

The stresses in the upper ‘‘ring” were higher than in the lower 
“ming,” approaching 14,000 lbs./in.? in many of the beams. These 
are the highest observed stresses in the framework. They are, how- 
ever, considerably lower than the stresses usually allowed in steel 
structures and undoubtedly have an adequate factor of safety. 

| For designing the framework it was assumed that the resultant of 
the forces exerted by the jacks on a beam would act at about one 
(uarter of the distance between the two “rings” above the lower 
“ring.” The reaction at the lower end of a beam would then be 
wbout three times the reaction at the upper end. 
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Figure 10.—Stresses in the vertical beams 
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The lower ‘‘ring”’ was, therefore, designed to have a section modu- 
lus behind the piers about three times that of the upper “‘ring.”’ 
(Lower “‘ring”’ 1,100 in.’, upper ‘‘ring”’ 350 in.®.) On the basis of 
these assumptions, the stresses in the gage lines on the “rings” 
behind the piers (4, 5, 18, and 19, fig. 6) would be expected to be about 
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Figure 11.—Stresses in the tenston “‘ring”’ behind the piers 
the same. The higher stresses in the upper ‘“‘ring”’ indicate that the 


action line of the resultant of the forces exerted by the jacks was con- 
siderably higher than was assumed. 


(b) BETWEEN PIERS 

_ The stresses in the “rings” between the piers are shown graph- 
ically in Figure 12. They are for all gage lines very low. Except in 
two gage lines (A—1, B-1) they do not exceed 5,000 lbs. /in.? 
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As the two plates (5/8 by 30 inches in section) forming each of the 
tensile members in the lower ‘‘ring”’ between the piers were riveted 
to the horizontal beams forming the members behind the piers, the 
deflection of the members behind the piers caused by the jacks 
resulted in eccentric loading of these tensile members. This is the 
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Fiacure 12.—Stresses in the tension “‘ring”’ between the piers 


reason the stresses in gage lines 1 are much greater than those in gage 
lines 2 and 3. 

On the upper tensile member the stresses in gage lines 22 (fig. 12) 
were smaller than in gage lines 20 and 21. Gage line 22 is on the 
edge of the flange of the lower channel and gage lines 20 and 21 are 
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on the web of the upper channel. The length of these members (about 
58 feet) made it necessary to splice them. This was done by inserting 
a plate between the two channels which were back to back and rivet- 
ing it to the webs. Near the splices, higher stresses in the webs than 
in the flanges were to be expected. Gage lines 20, 21, and 22 were 
about 5 feet from a splice. 
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Figure 13.—Deflections of the vertical beams 


VI. DEFLECTIONS 


For measuring the bending deflection of the vertical beams under 
the forces exerted by the jacks, small steel wires were stretched 
between pins in the webs at tiers 1 and 8. A mirror and a scale 
graduated to 0.1 inch were attached to the web back of the wire at 
the elevation of tier 4 as shown in Figure 2. The bending deflections 
are shown graphically in Figure 13. 

Noting that in these graphs the outer beams are near the top and 
bottom of the page, it is evident that the deflections of the outer 
beams were considerably greater than those of the inner beams. By 
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comparing these graphs with those shown in Figure 10 it is seen that 
the beams which had the greatest deflection had the greatest tensile 
stress and that roughly the deflections are proportional to the stresses, 


VII. CONCLUSIONS 


1. The conclusion was reached, when planning the reinforcement 
of the supporting structure for the dome of the Natural History 
Building of the National Museum, that the hand strain gage was the 
only instrument which it was practicable to use to determine the 
stresses in the steel framework. 

2. The engineers of the office of the Supervising Architect were 
enabled by using the hand strain gage to direct and control accurately 
the jacking operations when reenforcing the supporting structure for 
the dome of the Natural History Building of the National Museum. 

3. When the jacking operation was completed, the stresses in the 
steel framework surrounding the supporting structure of the dome of 
the Natural History Building of the National Museum were in satis- 
factory agreement with those deemed necessary to insure the safety 
of the structure. 


WasHINGTON, August 25, 1930. 





A RADIO METHOD FOR SYNCHRONIZING RECORDING 
APPARATUS 


By T. Parkinson and T. R. Gilliland 


ABSTRACT 


A method is described for running two radio fading recorders at the same 
speed when it is necessary to have one of the recorders portable so that it can be 
moved to various distances from the other. In the work reported each of the 
recorder drums was propelled by a synchronous motor of the type used for clocks. 
Since wire connections were not practicable, the portable recorder was controlled 
by a radio transmitter placed at the fixed station. The same 60-cycle source of 
power used to drive the synchronous motor at the fixed station was used to modu- 
late the transmitter, the signal of which was received at the portable station and 
amplified sufficiently to drive the synchronous motor there. With the trans- 
mitter working on low power it was possible to drive the recorders at the same 
speed when separated by a distance of 16km. A method is described for marking 
the two records simultaneously so that they can be superposed. 


The need of synchronizing duplicate recording mechanisms when 
widely separated in space and when placed in situations which pro- 
hibit wire connecting circuits, resulted in the development by the 
National Bureau of Standards of a simple radio method. which may 
be of interest in other lines of research. When it became desirable to 
compare graphic fading records of the same radio transmission as 
measured at two points of varying separation, it was found that no 
recorders were available which could be depended upon to run inde- 
pendently, and at the same time insure equal speeds of the recording 
tapes. Where wire connections were permissible, synchronous motors 
driven by a common power supply were satisfactory, but for the 
projects in hand it was necessary to have one receiving station com- 
plete in itself on a laboratory car, which could be moved to any desired 
distance. Experiments with spring-driven apparatus and with 
governor controlled electric motors showed that only at accidental 
intervals was there sufficient agreement in their speeds to produce 
pairs of records which could be superposed for comparison. Even 
slight discrepancies in speed were serious, since the changes studied 
were often very rapid, sometimes having periods as short as five 
seconds. 

Because synchronous motors of the type used for clocks had given 
very satisfactory results when supplied by wire from the same source 
of alternating current, it was thought possible to arrive at the same 
result by radio. Initial experiments verified this belief, and the 
system hereinafter described was developed and found satisfactory. 

The general method consists of the transmission from a transmitter 
of the half-wave self-rectifying type with 60-cycle plate supply, the 
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reception and amplification of this transmission in such a manner that 
the output is sufficient to drive the 6-watt synchronous clock motor, 
which in turn propels the recorder drum through a system of gears, 
The same 60-cycle supply which is stepped up in voltage to supply the 
plate of the transmitting tube is mt used directly to operate a 
second synchronous motor and recorder near the transmitter, suitable 
reactors and condensers being used in the connecting lines to prevent 
these conductors from introducing a strong field at the point where 
recelving measurements are to be made. 

Figures 1 and 4 show the connections used at the control station and 
at the portable station, respectively. 
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FicgureE 1.—Schematic diagram of apparatus at control 
station 


In order that the records might be superposed for comparison, it 
was necessary that some method be devised for marking them 
simultaneously. This was accomplished by attaching a small relay 
(B, fig. 4) to the iron yoke of the synchronous motor at the portable 
station in such a manner that the relay is held open as long as alter- 
nating current flows in the motor circuit. When the flow is stopped 
the relay closes the battery circuit, causing a magneticaliy operated 
_— to make a mark on the record. With the circuits as shown in 

‘igure 1 the closing of key K, with switch S in the recording position, 
causes relay / to open the a. c. supply, thus stopping the transmitter 
and the motor at the control station. The closing of K, also operates 
relay 2, thus causing the marker to make a mark on the record; but 
the stopping of the transmitter also stops the motor at the portable 

















Set for receiving 60-cycle transmission at right below 


amplifier at right above. 


anometer with recorder in center 
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Photograph of apparatus at portable station in laboratory car 
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station and causes a mark to be made upon the record there. Thus 
the closing of A; stops the recorders at both stations and causes marks 
to be made simultaneously on both records. Both recorders will 
start out together when K, is opened. 
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APPARATUS: FOR RECEIVING AND AMPLIFYING 
TRANSMISSION WITH 60 CYCLE MODULATION TO 
DRIVE SYNCHRONOUS MOTOR. 





A* SYNCHRONOUS MOTOR. 
B+ RELAY HELD OPEN WHEN CURRENT 
FLOWING IN MOTOR CIRCUIT. 
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FiaurE 4.—Schematic diagram of apparatus at 
portable station 


It is possible to use the same transmitter to communicate by 
telegraph with the portable station merely by throwing switch S to the 
left position and operating Ko. 
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Fiaure 5.—Circuit diagram of amplifier used for driving synchronous clock 
motor 


Figure 5 is a diagram of the amplifier used for driving the syn- 
chronous motor at the portable station. Best results were obtained 
when the condenser in the output circuit was of the size which tuned 
the series circuit, including the condenser and motor, to 60 cycles. 
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km. distance from field station. 


Record shown with solid line made at field station near Kensington, Md, Dotted record made in laboratory car at 0. 


For the motor used, a 2 wf condenser gave best 
results. Although it was possible to drive the 
motor by using only one type 250 tube in the 
output circuit, more stable operation resulted 
when two tubes were used in parallel. In testing 
out the amplifier it was found, by means of an 
oscillograph, that the motor would operate better 
as the wave shape of the current approached 
pure sinusoidal form. In order to eliminate 
higher harmonics a low pass filter with a cut-off 
at 80 cycles was placed between the first and 
second stages. 

A single 250-watt tube was used in the Hart- 
ley transmitter circuit arrangement shown 
in Figure 1. The frequency used was near 
1,700 ke., and was adjusted so that it would 
not interfere with the near-by receiving meas- 
urements. No trouble was experienced in con- 
trolling the portable recorder at a distance 
of 16 km when the transmitter was operating 
with small output. If necessary, it should be 
possible to work at much greater distance. 

Figure 6 shows a pair of typical records which 
have been superposed. The record shown with 
the solid line was made at the control station, 
while the dotted record was made at the portable 
station in the laboratory car at a distance of 
0.7 km. Both are records of transmission from 
WJZ, Boundbrook, N. J. (760 ke.), and were 
made at 9 p. m. eastern standard time, Decen- 
ber 13, 1929, near Kensington, Md. The tape 
speed used was 4.75 cm per minute. 

Although in the arrangement described one of 
the recording stations was placed near the trans- 
mitter and power lines, it would be possible t 
make it similar to the portable outfit and place 
it in any desired position. Any number of re- 
corders of the type described might easily be 
controlled by the same transmitter. 

Figure 2 is a photograph of apparatus at the 
control station, while Figure 3 shows apparatus 
of the portable station set up in the laboratory 
car. 

The writers wish to acknowledge the valu- 
able assistance given by W. H. Doherty and 
G. L. Davies in the design and construction 0! 
the apparatus. 


WasHINGTON, September 16, 1930. 
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THE TENSILE PROPERTIES OF ALLOY STEELS AT ELE- 
VATED TEMPERATURES AS DETERMINED BY THE 
“SHORT-TIME” METHOD 


By William Kahlbaum,' R. L. Dowdell, and W. A. Tucker 


ABSTRACT 


By means of ‘‘short-time”’ tension tests a series of alloy steels has been tested 
at different elevated temperatures. The proportional limit was determined in 
each case. The materials tested were a plain carbon steel and commercial alloys 
of chromium, vanadium, and iron with and without additions of tungsten, silicon, 
or aluminum; also chromium-tungsten, nickel-molybdenum and several austen- 
itie steels with and without tungsten. Metallographic study revealed very little 
intererystalline weakness and no marked or significant change in structure result- 
ing from the high temperature tests. The addition of tungsten increases the 
“structural stability”? of the austenitic alloys. Hardness was determined as a 
further indication of tempering which might have occurred during the heating. 
A comparison of ‘‘short-time’”’ test and ‘‘flow test’”’ for pearlitic and austenitic 
steel is included. 
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I, INTRODUCTION 


During the last few years numerous papers have been published on 
the so-called ‘‘short-time” tension test and on the “long-time”’ or 
“flow” test for determining the tensile properties of alloys at elevated 
temperatures. Perhaps the main reason for the extensive investiga- 
tions along this line is the fact that many types of industrial installa- 
tions, such as steam boilers, turbines, cracking stills, extrusion liners, 
etc., are being gradually forced to higher working ‘temperatues and 
pressures. 

At present, engineers, in general, favor the “flow” or “creep” test 
for evaluating materials which must withstand service conditions 
involving continued loading at high temperatures, since this test 





‘Research associate, The Midvale Oo., Philadelphia, Pa. 
199 





200 Bureau of Standards Journal of Research (Vol. 6 


duplicates to some extent service conditions. The tension specimen 
is maintained under constant load at some predetermined tempera- 
tures for a long period, often several hundred hours. From the data 
thus obtained, the stress required to produce a definite extension, for 
example, 0.1 or 1.0 per cent in 1,000 hours at any given temperature 
can be calculated. On the other hand, a period of only three or four 
hours is required for carrying out the “short-time” tension test at 
high temperatures. The most essential part of this test is the deter- 
mination of the stress, for any given temperature, at which the 
material ceases to behave elastically. 

The information available on the correlation of results from short- 
time and from flow tests is rather limited. No conclusions that short- 
time tests can entirely replace flow tests are warranted on the basis 
of available information. Itis believed, however, that a large amount 
of valuable preliminary information can be obtained with the short- 
time method with a great saving of time in the study and development 
of alloys for continuous service at elevated temperatures. In fact, 
since the advent of austenitic alloys for service at elevated tempera- 
tures there is still more reason for extended flow tests, such tests to 
be made for even longer periods of time than heretofore. As many 
austenitic alloys are metastable yet sluggish in their response to ther- 
mal treatment at temperatures in the vicinity of 1,200° to 1,300° F. 
(600° to 700° C.) it would not seem advisable to determine their 
characteristics by the short-time method only. 

The group of materials reported upon in this paper includes both 
commercial alloy steels and some special alloys which had been made 

rimarily to show the effects on the tensile properties of various alloy- 
ing elements, such as silicon, chromium, nickel, vanadium, tungsten, 
molybdenum, and aluminum. 

From a previous investigation ? results were available on the char- 
acteristics, as determined by the flow test, of three of the alloys used 
in the present work. These have been included in the present report, 
and form the basis of a comparison of the properties of identical mate- 
rials as determined by the two methods. Two of the alloys were 
austenitic in structure, whereas the other was representative of the 
martensitic class of this group of alloy steels. 

All of the work reported here was carried out in accordance with the 
research associate plan * in cooperation with The Midvale Co., Phila- 
delphia, Pa., except the tests with the plain carbon steel. This work 
was done by E. L. Jones, guest worker for The International Combus- 
tion Engineering Corporation, New York, N. Y. 


II. PREVIOUS INVESTIGATIONS 


A very extensive bibliography on the effect of temperature on the 
properties of metals has been published.* No attempt will be made 
in this report to give a detailed résumé of the previous work along 





?H.J. French, William Kahlbaum, and A. A. Peterson, Flow Characteristics of Special Fe-Ni-Cr alloys 
and some Steels at Elevated Temperatures, B. S. Jour. Research, 5, (RP192) p. 125; 1930. 

3’ Bureau of Standards Circular No. 296. ™ 

4 Bibliography on Effect of Temperature on the Properties of Metals. (Published in 1928 by the A. 8. 
M. E., 29 West Thirty-ninth Street, New York N.Y. This is now being brought up to date.) Compiled 
by the Joint Research Committee of A. S. M. E, and A. S. T, M. on the Effect of Temperature on the 
Properties of Metals, ; 
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this line. Some investigators®5 ® 7 8 9 have given some results 
from short time tension tests and of flow tests of the same materials. 
In a previous bureau report “ the results of other investigators were 
given which showed that there were marked differences in the flow 
characteristics of similar steels reported by different laboratories. 
These differences depended on both the individual set-ups and on the 
interpretation of the data. 

McVetty and Mochel ” have emphasized the extreme care which 
must be used with the short-time method if the results are to be of 
value as well as the necessary refinements in the design of furnace, 
control of temperature, measurement of extension, and measurement 
of stress. Within the last few years, an optical extensometer having 
an accuracy of measurement of approximately 0.000004 inch has 
become available. With such an instrument, it has been found that 
the apparent values of the proportional limit of metals are considerably 
less than those obtained with dial types, by means of which the exten- 
sion can be read only to about 0.0002 inch. According to McVetty 
and Mochel: 


A change in the accuracy of measurement of total elongation from 0.0002 inch 
to 0.000004 inch reduces the apparent value of proportional limit by about 17 
per cent in the case of medium carbon steel and over 50 per cent in the case of the 
stainless iron. 


The present tendency in both the short-time and flow tests of 
metals is toward higher sensitivity. The importance of extreme pre- 
cautions of this kind has been further emphasized by McVetty.” 


III. TEST METHODS 
1. SHORT-TIME TENSION TEST 


The method used for the short-time tension tests has been previously 
described and illustrated. All of the tests were made with a hydrau- 
lic machine, and the elongations were measured by means of a Mar- 
tens’ extensometer with its optical lever system as modified by 
Tuckerman '® and as described in Letter Circular No. 238, issued by 
the Bureau of Standards. 

The thermocouple used for measuring the temperature of the test 
bar was mounted in the fillet of the standard 0.505-inch diameter bar. 
Before attempting to obtain any of the data for the stress-strain curve, 
the furnace was held at the desired temperature, by manual control, 


5J. H. S. Dickenson, Some Experiments on the Flow “gh ge at a Low Red Heat with a Note on the 
Sealing of Heated Steels, J. Iron & Steel Inst., 106, p. 103; 

6H.J. French and W. A. Tucker, Flow ina oe-Oarbom ‘Steel at Various Temperatures, B. S. Tech. 
P ape t No. 296, p. 630; 1925. 

T.D. izea, ‘NLL. Mochel, P. G. McVetty, The Tensile Properties of Metals at High Temperatures, 
Proc. Am. Soc. Tesving Materials, 25, pt. 2, y). 5; 1925. 

‘H.J. French, Methods of Test in Relatioa to Flow in Steels at Various Temperatures, Proc. Am. Soc. 
Testing Materials, 26, pt. 2, p. 7; 1926; also Eng. News Record, 97, p. 22. 

*A. Pomp and A. Dahmen, Entwicklung einer abgekurtzen plufv erfahrens zur entmittlung der dauer- 
Standfestigkeit von stahl bei erhohten temperaturen, Mitteil. a. d. Kaiser-Wilhelm Inst. f. Eisenforschung, 
Dusseldorf, 9, No. 3, 1927; also Stahl u. Eisen, 47, p. 414; 1927. 

0 L. W. Spring, J.J. Kanter, ‘ ‘Long-Time”’ or “ Flow”’ Tests of Carbon Steels at Various Temperatures 
with Particular Reference to Stresses below the Proportional Limit, Valve World, p. 260, August, 1928; 

so in a shorter form in Proc. Am. Soc. Testing Material 28, ¥. 2, pp. 80-116; 1928. 

' H. J. French, H, C. Cross, and A. A. Peterson, Creep in Five Steels at Different Temperatures, B.S 
T ch. Paper No. 362; 1928. 
2 P.G. MeVetty and N. L. Mochel, The Tensile Properties of Stainless Iron and Other Alloys at Ele- 
vated Temperatures, Trans. Am. Soc. Steel Treat., 11, pp. 73-100; 1927. 
a in MeV etty, = of Materials at Elev ated Temperatures, Proc. Am. Soc. Testing Mate- 
8, pt. 2, p. 60: 
. 1 See footnotes 8 Be TT 
4’ Engineer physicist, Bureau of Standards, 
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for a period of two hours. The temperature variation from the 
center to the extremities of the gage length of the specimen was 
approximately 13° F. (7° C.) It was possible to run only one short- 
time test a day owing to the necessity of exerc ising extreme Care in 
setting up and adjusting the extensometer. The actual duration of 
the average test was about one-half hour. The accuracy of the 
extensometer was 0.000004 inch per inch of extension while the load 
measurements were accurate to within one-half of 1 per cent. 


2. “LONG-TIME”? TENSION TEST—“FLOW” TEST 


The equipment used in carrying out the flow tests has been previ- 
ously described.’* ’ The load was applied by weights at the ends of 
levers. The diameter of the test bar was 0.250 inch and the gage 
length, 2 inches. A shallow groove was cut close to the fillet at each 
end of the specimen, in which was secured a ring of platinum wire 
(32 B. & S. gage) use ,d as a reference mark in mes isuring the extension 
of the bar. A cathetometer whose smallest direct reading was 0.00039 
inch was used to measure the distance between reference marks at 
periodic intervals. The extension was calculated in inches per inch 
of gage length. 

The automatic temperature controllers on the furnaces were 
actuated by means of thermocouples located close to the furnace 
windings, the temperature was maintained within a range of + 10° F. 
(+ 5.5° C.). 

The duration of the flow tests was from 300 to 400 hours, and from 
the results were calculated the limits of stress producing a total 
extension or “flow” of both 0.1 per cent and 1 per cent in 1,000 hours. 


IV. MATERIALS 


A wide variety of ferrous alloys was tested. The chemical compo- 
sition and treatment of these alloys are given in Table 1. The plain 
carbon steel (0.45 per cent carbon) listed is typical of material widely 
used for boiler drums in steam power plants. The remainder of the 
alloys were made, treated, and analyzed by The Midvale Co. with the 
exception of the two foreign alloys, FS-1 and FS-2. The list of 
alloys covers a rather wide range of composition, and they were made 
up primarily to show the effects of various alloying elements on the 
tensile properties at elevated temperatures as measured by the short- 
time method. All of the alloys were in the wrought condition, either 
forged or rolled, after which operation many had been heat-treated 
as shown in Table 1. 








16 See footnote 6, p. 201. 17 See footnote 11, p. 201, 
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Kehheust, Dowtelt) Tensile Properties of Alloy Steels 


Tucker 


V. RESULTS 
1. GENERAL 


The tensile properties of all of the materials as determined by the 
short-time testing method are given in Table 2. Stress-strain curves 
for a number of representative alloys of different composition are 
given in Figures 1 to 11, inclusive. Figure 12 shows a comparison of 
the results of those alloys for which both proportional limits from the 
short-time tension tests and the flow characteristics were available. 


BOILER ORUM STEEL. C 045, MN O55, P 6025, S 0040, $1 0.22.. 
AS FORGED 
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STRAIN = INCHES PER INCH 


FigurRE 1.—WStress-strain curves of medium carbon steel (boilerdrum) tested in 
tension at different temperatures 


TaBLE 2.—Tensile properties of materials tested in Table 1 at different temperatures 





, Test 
Designation Specimen No. | tempera- 
ture 


Elonga- | Reduc- | Brinell 
tion in 2] tion of | hardness 
inches area No. 


Proportional | Tensile 
limit strength 





Lbs./in. ? ./in.2| Per cent | Per cent 
16, 500 22 24. 
15, 500 38. 
16, 500 
15, 000 
12, 000 
17, 000 
15, 000 
15, 500 
14, 000 
11, 000 67, 000 


32, 500 84, 250 
30, 000 82, 250 
24, 000 80, 500 
: 5i 22, 500 75 
10-518, lot A__...- ae 8 18, 500 
17, 750 
, 000 
Ss 4, 400 
T-121- 1, 200 500 26, 750 
1 Specimens of the first group of steel No. 4 were transverse test specimens. 
? Specimens of the second group of steel No. 4 were jongitudinal test specimens, 
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TABLE 2.—Tensile properties of materials tested in Table 1 at di 
tures—Continued 


Designation 


10-518, lot B 


E E1455 


EE1454__. 


{Lot A 
[Lot B 


E3226 ¢ 


HF 1/45, lot A___. 


H F1/45, lot B 


8/1317, lot A 


8/1317, lot B 
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Test 
Specimen No, 


T-261__ 
T-3109____ 
1 ~3104- ae 
T-2: 53 


T- 
T- 
T- 


70 | 
800 | 


SOO 
900 
900 
, 000 


70 
800 
800 
900 
900 

, 000 
, 000 


| 

| 

| 

| 70 

| 70 

700 
950 
950 

, 015 


tempera- 








075 
| 


, 200 
, 200 


si tional 


limit 


Py lin? 
500 
58. 58, 500 
40, 000 
21, 500 
8, 750 
8, 375 
600 


66, 000 E. 


25, 000 
25, 000 
16, 500 
18, 000 
9, 800 
10, 500 
2, 000 
4, 000 


75, 000 
28, 000 
50, 000 
24, 000 
24, 000 
18, 000 
16, 000 
8, 000 
8, 000 


66, 000 E. 


29, 000 
30, 000 
24, 000 
22, 000 
13, 000 
8, 500 
9, 000 


| 152, 000 E. 


32, 500 


96, 000 E. 


28, 000 


75, 800 
44, 000 
46, 300 


70, 000 E 
21, 000 
13, 500 


126, 000 E 
52, 500 
52, 500 
35, 000 
34, 000 
12, 000 


96, 000 E. 


42, 000 
39, 000 
32, 000 
30, 000 
9, 000 
9, 000 


108, 000 FE, 
109, 500 E. 


42, 500 
30, 000 
22, 000 
13, 000 
4, 700 
2, 250 
2, 000 





100, 
102, 
91, 
83, 
61, 
51, 
37, 


650 
500 
500 
750 
500 
000 
250 


, 500 
, 000 


500 


, 500 
, 000 
3, 000 
2, 500 
, 000 
7, 500 


22, 000 
, 000 
, 300 
5, 000 
, 500 
35, 000 
33, 000 
, 000 


000 


, 500 
, 000 
, 500 


200 


3, 500 
3, 000 
, 500 
3, 000 


, 000 
3, 500 
2, 000 

, 000 


7, 800 
, 400 


59, 400 


53, 000 
95, 000 
3, 000 


56, 000 
3, 000 
32, 000 
, 500 

, 500 


98, 


135, 
110, 
113, 
101, 
101, 
86, 
87, 


135, 
140, 
122, 
106, 
107, 

79, 

64, 


000 


500 
500 
000 
000 
000 
250 


000 


500 
000 
500 
500 
000 
250 
000 


Tensile ad Elonga- 
strength 


| tion in 2 
inches 


Llbs./in.2| Per cent 


7.0 
. 5 
-0 
0 





™ 
~-) 


i | =) 
aocoon 


an 


oONnS SO 


[ Vol. 6 
ferent tempera. 


Redue- | Brine] 
tion of ardness 
area No. 


Per cent 
66.1 
66. 
68. 
68. 
80 ). 





Por ar bo sb 


COOSOm Dane 








~) -) a7 
CONAN aAS 





ond 


41, 250 
38, 250 











Coo wae 


§ Elastic limit determined by The Midvale Co, 
* Tensile specimen was piped which resulted in a low tensile strength value. 
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TaBLE 2.—Tensile properties of materials tested in Table 1 at different tempera- 
tures—Continued 


Elonga- ‘ Reduc- | Brinell 


| Proportional Tensile tion in2| tion of | hardness 


j j ! ; ‘a y 
limit strength inches area | No. 


| 


Lbs./in.? Pbs./in.2 | Per cent | Per cent 
45, 000 E. L.3 108, 000 24. 2 3.7 
3, 600 30, 000 
3, 900 


Test 

3 - . . | 
Designation Specimen No. | tempera- 
| ture 





68, 000 E. L.3 ; 
28, 000 83, 500 
Je | 28, 000 85, 500 
FS-2, lot A..------1! | 2 9, 000 60, 000 

11, 000 64, 000 
5, 000 38, 000 
6, 000 41, 500 


” 
tn 62 


“Ice 


54, 000 E. L.3 99, 500 
28, 000 83, 500 
26, 000 87, 000 
FS-2, lot B 5. 8, 000 59, 500 

¢ 9, 000 62, 300 
4, 500 37, 500 
6, 000 37, 500 


e 2 
weno 
7 ri 


63,000 E. L.3| 112, 500 
29, 000 98, 000 
30, 000 97, 000 
- 9. ,' 9, 000 78, 500 
FS-1, lot A----..-- 2 14,000 , 72, 500 | 
12, 000 70, 000 | 
6, 500 46, 500 | 
5, 500 47, 500 





Pos . . a i 
NCW OKFEO 


57, 500 E. L. 110, 000 
27, 000 95, 000 
27, 000 97, 000 
9, 800 79, 000 
76, 000 
66, 000 
48, 000 
50, 500 
46, 500 
45, 000 
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tE laste limit determined by’ The Midvale Co 


2. MICROSTRUCTURE 


Any marked decrease in mechanical strength of alloys used con- 
tinuously at elevated temperatures is usually reflected in the changed 
mic rostructure of the material. ‘Struc ‘tural stability” at high tem- 
perature is of paramount importance in determining the usefuln ess 
of materials for such service. The microstructure of each of the 
alloys before and after testing was determined. In addition, the 
hardness was determined as a further indication of tempering w vhich 
might have occurred during the heating The results of the hardness 
tests are summarized in Table 3 and the s structures of the different alloys 
(except the plain carbon steel) are given in Figures 13 to 18, inclu- 
sive. The samples representative of the struc ture of the short-time 
test bars before heating were taken from the extreme butt ends of 
the tension bars (figs. 13, 14, 15, and 16) after the completion of the 
short-time test. The temper: iture at the ends of these bars was ap- 
proximately 500° F. lower than at the gage length of the bars and was 
assumed to be without effect on the original structure. In the case 
of Figures 16 and 17, the samples were taken from the butt ends 
of tension bars which had not been heated above room temperature. 
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The samples representative of the alloys after heating (figs. 15 to 
17) were taken at the center of the gage length of the bar close to the 
fracture in the case of the short-time tests and from a corr esponding 
position (center of gage length) from the bars used in the flow tests. 
These latter bars were in the unfractured condition. 


TABLE 3.—Hardness of the alloys used, before and after testing 


Rockwell hardness | 
Temperature | | 





of test 


y Compare 
Designation of steel Before test 


figure and 
mucrograph 


After test 


| 
| 








10-518, lot A_- 1, 000 
10-518, lot B 1, 000 
EE1455....- 1, 200 
EE1456__---- 1, 200 
EE1454.......- 1, 200 





E3226, lot A : , 000 | 
E3226, lot B 1, 000 
HF 1/45, lot A , 000 
HF 1/45, lot B 1, 150 
HF 1/45, lot B__- , 000 


8/1317, ot A... = See , 000 
, lot B ‘ , 000 

2 , 200 

, 500 


, 360 
, 360 
, 360 
, 360 


FS-2, lot A_._.- 
Lh ee oe ‘ 


FS-1, lot A__._- { 1,360 
f 1,360 


FS-1, lot B_ -1) 1° 360 








1 “S,”’ short-time test. 21,” long-time or flow test. 


VI. DISCUSSION 


The decided advantage of alloy steels over plain carbon steel 
for withstanding a load at elevated temperatures is very evident 
from the foregoing results. The proportional limit at elevated tem- 
peratures of the carbon steel used was very much lower than that 
of any of the alloy steels used at the corresponding temperature, 
and, furthermore, when stressed beyond the proportional limit, the 
rate at which the stress-strain curve for the alloy steels deviated from 
a straight line was much less than in the case of the carbon steels. 

It is of interest to note in the two lots of chromium-vanadium 
steel (heat 10-518) which had been heat-treated differently so as to 
produce a decided difference in their tensile properties, as determined 
under ordinary conditions, that a marked difference in their tensile 
properties was maintained at temperatures up to 800° to 1,000° F. 
(425° to 540° C.). However, at the highest temperature used, 1,200° 
F. (650° C.), the properties of the two lots were nearly the same nor 
was there any marked difference in the characteristics with respect to 
“flow.” 

The addition of — to a chromium-vanadium steel in amounts 
of approximately 1.5 per cent raised the proportional limits of the 
steel at elevated temperatures. No marked improvement, howeve', 
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Hear NO. 10-518. € O40, MN 0.57, Si 0.25, CR 228, V 0.20 
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STRAIN - CHES PER INCH 
FicuRE 2.—Stress-strain curves of chrominum-vanadium steel tested in 
tension at different temperatures 


HEAT NO. CE 1438. C 0.55, tart 0.36, 81 0.16, CR 2.07, ¥ O20, W 148. 
ROLLED BARD. 1400°F - 1 HR. FURNACE, ROUGH MACHINED; IGOC'F - 1 HR. FURNACE; IS00F -1 HR FURNACE, FINISHED MACHINED 
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FigurE 3.—Stress-strain curves of chromium-vanadium steel containing tung- 
sten tested in tension at different temperatures 
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resulted from the use, in addition to the tungsten, of another alloying 
element, such as silicon or aluminum. a 

A comparison of the two lots of the chromium-tungsten ste] 
(heat HF 1/45) containing 0.44 per cent carbon, 7.35 per cen; 


Hear wo. ££ 1456. C055, MN O41, 911.26. CR 210, V 0.29, W LAI. 
ROLLED BARS. 400° -1 HA. FURNACE, ROUGH MACHINED; IGO0°F -1 HR. FURNACE; 1200F -1 WR. FURNACE, FINISHED MACHINED 
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8S. PER SQUARE ice 


woo 


Srress- 1000 L688. PER SQUARE INCE 
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Fiaure 4.—Stress-strain curves of chromium-vanadium steel containing silico 
and tungsten tested in tension at different temperatures 


chromium, and 7.94 per cent tungsten is of some interest. The 
material of lot A had a proportional limit at 1,000° F. (540° C.) whieh 
was about 100 per cent higher than that of lot B due to the fact that 


HEAT nO. ££ 1454. C053, uN O46. $10.24, CR 2.05, ¥ 0.26, AL L75, WLS4 
ROLLEO BARS. 1400°F -1 HR. FURNACE. ROUGH MACHINED; OCT - 1 HR. FURNACE; I1D00°F -1 HR. FURNACE, FINISHED MACHINED 
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PN PER NCH 
Ficure 5.—Stress-sirain curves of chromium-vanadium steel containing alu- 
minum and tungsten tested in tension at different temperatures 
the former had been water quenched before tempering at 1,200° fF. 
(650° C.), whereas lot B was normalized before tempering at 1,200" 
F. Likewise, lots A and B of the nickel-chormium-molybdenum 
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HEAT NO. HF-|Ad. C044, MN 0.48, 910.23, CR 7.33, W 7.04, 
FORGED BAR - tin. SQUARE X 353 IN. LONG. 


steel 
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2250718 MIN. WATER, IROOF -4 HAS. SLOW COOL. 
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‘1GURE 6.—Stress-strain curves of chromium-tungsten steel tested in tension 
at different temperatures 
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FicurE 7.—Stress-strain curves of nickel-chromium steel containing molyb- 
denum tested in tension at different temperatures 
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steel (heat 8/1317) containing 0.32 per cent carbon, 2.35 per con: 
nickel, 0.62 per cent chromium, and 0.31 per cent molybdenum showei 
different characteristics as determined by the short-time test. Lot 
was quenched in oil before tempering while lot B was not. This 
difference in quenching resulted in higher proportional limits for |o; 
A, especially at temperatures up to 900° F. (480° C.). The proper. 
ties of the high chromium-nickel steel (heat E-2457) containing ()3) 
per cent carbon, 1.50 per cent silicon, 10.5 per cent chromium, 16) 
per cent nickel, and 1.50 per cent aluminum were not very differen; 
from those of the nickel-chromium steel just mentioned. This js 
supported by the results of a previous saiilinstion '8 in which it was 
found that Fe—Cr—Ni alloys low in nickel had low resistance to floy 
at elevated temperatures. 


HIEAT WO. £ 2657. CO3T ten O98, 511.50, Hm LEI, CRIDSO, 04 150. 
ROLLED BARS. IOUT - 30 Mere. AIR; 1Z00'F ~ 20 Mein. AIR. 


Sraess - 0018s Pen square wen 
wu 
> 





once ae 
Sraaim - Ces PER cH 


Figure 8.—Stress-strain curves of nickel-chromium steel containing aluminum 
Ylested in tension at different temperatures 


The nickel-chromium-tungsten alloy (heat 7990) containing 0.53 
per cent carbon, 26.0 per cent nickel, 14.8 per cent chromium, and 
2.93 per cent tungsten was tested at 1,500° F. (820° C.), and showed 
the highest proportional limit of all the alloys tested. This alloy 
was quenched in water from 1,835° F. (1,000° C.) and was, therefore, 
largely austenitic. In this respect it was similar to the other nickel- 
chromium alloys (heat FS-2) containing 0.28 to 0.32 per cent carbon, 
11.12 to 12.93 per cent chromium, and 34.9 to 35.9 per cent nickel, 
and the nickel-chromium-tungsten alloys (heat FS-1) containing 0.19 
to 0.20 per cent carbon, 10.28 to 10.34 per cent chromium, 57.40 to 
57.60 per cent nickel, and 3.19 to 3.30 per cent tungsten. The 
latter alloys gave nearly the same properties in both the short- 
time and flow tests at temperatures of 1,200° and 1,360° F. (650° and 
738° C.). These alloys have a strong tendency to retain austenite 





18 See footnote 2, p. 200. 
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+ both room and elevated temperatures, hence, their properties are 
ot influenced greatly by previous heat treatments, such as annealing 


r quenching. . ; ; : , 
In expressing relative merits of steels intended for service at high 


smperatures, the stress required for causing a total “flow” or exten- 
on of 1 per cent or of 0.1 per cent at any given temperatures in 1,000 
foursis commonly used. ‘This has been done in Figure 12 which shows 


HEAT NO. 7990. C 0.53, MN L58, SI 0.96, NI 26.00, CR 14.80, W 2.93. 
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Figure 9.—Stress-strain curves of nickel-chromium- 
tungsten alloy with high nickel and chromium con- 
tents tested in tension at 1,500° F. (815° C.) 


acomparison of the tensile properties, as determined by the short-time 
tension test and by the flow test, of two general classes of steel at 
elevated temperatures. The chromium-vanadium steel heat treated 
in two different ways, has been used as an example of one class, the 
pearlitic; the steels of high alloy content as representative of the aus- 
tenitic class. 

The question is often asked whether the short-time test can be used 
to replace the long, tedious, and expensive flow test. It will be noted 


80894°—31——-3 
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Tucker 
(fig. 12) that in the case of the chromium-vanadium steels tested 4 
550° F. (285° C.), the lowest of the elevated temperatures used, the 
results indicated good agreement between the proportional limit dete. 
mined at this temperature and the stress required to produce (| 
per cent elongation at this same temperature in 1,000 hours. This | 
relationship did not hold at higher temperatures up to 1,200° F cond 
however. The proportional limit determined by the short-tim fme°* 
test at any given temperature was considerably higher than the pour 
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stress required to cause an extension of 1 per cent at that temperature 
in 1,000 hours. At the highest temperature used, 1,200° F. (650° C.), 
the stress required for 1 per cent extension in 1,000 hours was only 
very slightly higher than that required for an extension of 0.1 per cent al 
and neither value differed appreciably from the proportional limit D 
at this temperature. W 
In the case of the austenitic steels, the agreement between the results ci 


of the two tests was even less consistent. For one of the alloys used te 





ALLOY FS-I-LOT A. ¢C 0.22, MN 174, 5! 0.09, NI 57.80, CRIO.6I, W 347 
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(FS-1) the proportional limit at 990° F. (530° C.) determined by the 
short-time test could be used to indicate, at least approximately, the 
stress Which would result in an extension of 0.1 per cent in 1,000 hours. 
For the other austenitic alloy at the same temperature, however, 
conditions were reversed. In this case, the proportional limit indicated 
the stress which would result in an extension of 1 per cent in 1,000 


hours. 































































































Stress-strain curves of nickel-chromium-manganese alloy containing tungsten tested in 
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FIGURE 


[t is evident from Figures 13, 14, and 15 that there was no notice- 
tble change in the structure caused by the heating during the test 
period. In these cases, however, the temperature of testing was 
Well below the temperature of the previous tempering treatment 
given these steels. (Table 1.) In most cases the material after 
‘esting was somwhat laminated in structure which may have been 
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liGurE 13.- 


Structure of chromium-vanadium-tungsten steel before and after 


testing in tension at 1,200° F. (650° C.) by the “short-time”’ 
500 


\, C, FE, initial condition; B, D, F, after testing. 
ingsten steel containing aluminum. 
tungsten steel containing silicon. 
ten steel, 
nd 





method. 


(See Table 3.) A, B, chromium-vanadium- 
(Heat EE 1454, Table 1.) C, D, chromium-vanadium- 
(Heat EE 1455, Table 1.) 2, F, chromium-vanadium-tung- 
(Heat EE 1456, Table 1.) The etching reagent used on the specimens shown here 
in succeeding figures was aqua regia in glycerin, 
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Figure 14. Structure of chromium-vanadium steel and of chromium-var 
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dium-tu qsten steel before and after te ting in tension at 1,.000° F. (5 ZO) ( 
h 
1, C, EF, G, initial condition; B, D, F, 11, after testing. (See Table 3.) 1, B, C, D, chromiu 


vanadium steel. (Heat 10-518, lots A and B, Table 1.) FE, F, G, I/, chromium-vanad 
tungsten steel. (Heat E 3226, lots A and B, Table 1 
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Ficgure 16.—WStructuré of various alloy steels before and after testing % 
tension at elevated temperatures by the “‘short-time”’ test. X 500 


1, C, E, G, initial condition; B, D, F, I, after testing. (See Table 3.) A, B, C, D, nicl 
molybdenum steel (heat 8-1317, lots A and B, Table 1) tested at 1,000° F. (540° C.). E, 
chromium-nickel steel containing aluminum (heat 2457, Table 1) tested at 1,200° F. (650° ¢ 
G, H, chromium-nickel-tungsten steel (heat 7990, Table 1) tested at 1,500° F. (815° ¢ 
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lIGURE 17.—Structure of chromium-nickel alloy (heat FS “p lots A and B, 
Table 1) before and after testing in tension at 1,360° F. (735° C.). 
© 500 


1, C, E, G, initial condition; B, D, F, I/, after testing. (See Table 3.) B, after ‘“‘long-time”’ or 

ep test; 335 hours, load 4,100 Ibs./in.2, total extension 0.56 per cent. D, after short-time 

t. F, after creep test; 335 hours, load 4,100 Ibs./in.?, total extension 0.80 per cent. //, after 
t-time test 
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on account of the fact that the alloys were strained below their lower 
yansformation temperature. This might be expected to increase 
ihe hardness somewhat, but it was found that in most of the materials 
represented by Figures 13, 14, and 15 there was a slight decrease in 
hardness after testing. 

The medium alloy steels designated as 10-518, EE1455, EE1456, 
aud 8/1317 appeared to be mostly sorbitic in structure (figs. 13, 14, 
and 15) while the high chromium-tungsten steel, HF-1/45, contained 
crains of sorbite with a network of troostite and some carbide con- 
stituent. 

The high chromium steel E2457 (fig. 16), showed slight agglom- 
eration of the cementitic constituent during the heating incidental 
to testing and the high nickel-chromium steel, 7990 (fig. 16), did 
likewise. 

It is interesting to note that the nickel-chromium steel (FS-2) 
containing about 35 per cent nickel, 12 per cent chromium and 0.30 
per cent carbon showed considerable agglomeration of the carbide 
constituent occurred (fig. 17) during both the ‘‘short-time” and the 
“long-time’”’ tests. Before testing, these steels were essentially 
austenitic with small isolated particles of the carbide constituent. 
After testing these alloys at 1,360° F. (735° C.), it was found that 
the lots in the “as rolled” state, and in the “‘rolled and annealed at 
1,650° F. (900° C.)” state, showed considerable precipitation and 
agglomeration of the carbide constituent. 

In the case of the higher nickel-chromium steel (FS-1) (fig. 18) 
containing about 57 per cent nickel, 10 per cent chromium, 3.25 per 
cent tungsten, and 0.20 per cent carbon, there appeared to be no 
marked change in structure with respect to the condition of the car- 
bide constituent after similar treatments. It must be remembered 
that this alloy contains about 0.10 per cent less carbon than FS-2, 
hut it is believed that the additional 22 per cent nickel, together with 
about 3.20 per cent tungsten is more likely to account for its increased 
stability as regards tempering. 


VII. SUMMARY 


1. The tensile properties of a number of steels at a series of dif- 
ferent elevated temperatures have been determined by means of the 
“short-time” test. The proportional limit was determined in each 
case. The steels used were a plain carbon steel, such as is used in 
boiler drums, and a number of alloy steels which have been considered 
in industry for service at high temperatures. The following were 
included: chromium-vanadium, chromium-vanadium-tungsten (the 
latter also with additions of silicon or aluminum) chromium-tungsten, 
nickel-moybdenum, and several austenitic steels containing nickel 
and chromium and, in some cases, tungsten. 

2. The addition of tungsten, in amounts of 1.5 to 2 per cent, to a 
chromium-vanadium steel improves the tensile properties at high 
temperatures very decidedly. The further addition of silicon or 
uuminum does not appear to result in any marked improvement. 

3. According to the short-time tests a marked increase in tensile 
properties of a steel brought about by heat treatment is maintained 


+ 


it elevated temperatures only so long as the temperature of testing 
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is kept well below that used in tempering the steel in the preliminary 
heat treatment. 

4. Both “short-time” tests and “flow” tests were carried out op 
several of the steels representative of the two classes—pearlitic anj 
austenitic. According to the results, the “short-time” test can not 
satisfactorily replace the “flow” test in the evaluation of steels for 
service involving loads at high temperatures. 
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FURTHER STUDIES OF THE X-RAY STANDARD IONIZA- 
TION CHAMBER DIAPHRAGM SYSTEM 


Lauriston S. Taylor and G. Singer 


ABSTRACT 

Further studies have been made on the effect of the diaphragm system upon 
the calibration measurements made with the large free air ionization chamber. 
\ir absorption coefficients were obtained, and it was found necessary to use these 
yalues to correct the ionization chamber readings. Calibrations of a thimble 
chamber, made with and without a restricting diaphragm close to the X-ray 
tube, differ by several per cent. Dependent upon the position of the thimble 
chamber with respect to the tube target, the calibration may vary over a range 
of 10 per cent. When the radiation is not restricted by a diaphragm close to the 
tube, there may be a difference in the radiation quality received by the thimble 
and air chamber, as large as 10 per cent. 


CONTENTS 


electrode—air absorption 
. Effect of diaphragm for limiting focal radiation __ - 
IV. Position of thimble chamber for calibration : 
V. Variation of radiation quality from different parts of target and stem_- 


I. INTRODUCTION 


Since the completion of some previous studies at the bureau, of the 
experimental technique necessary to obtain what was believed to be 
a correct determination of the recently adopted unit of X-ray quan- 
tity, several features of our own work and also that of other inves- 
tigators seemed to demand further study. Certain pronounced differ- 
ences appear in the results obtained by various workers, but this is 
perhaps to be expected, for, a careful analysis of the free air ionization 
chamber systems used by them leaves doubt as to whether or not the 
several systems should yield accordant measurements of the Réntgen. 

Failla’s' thorough experimental study of the diaphragm system 
was carried out in a manner sufficiently different from ours to render 
it difficult to decide how well the respective conclusions agree. Ours? 
had a limiting diaphragm close to the X-ray tube and of such size 
as to cut off all stem and off-focus radiation, whereas Failla omitted 
this and instead placed a somewhat larger diaphragm about 30 cm 
irom the target, which, therefore, cut off only the extreme stem 





G. Failla, Am. J. Roent., 21, p. 47; 1929. 
*L. 8. Taylor, B, 8, Jour, Research, 3 (RP119), p. 807; 1929. 
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radiation.? Again, Failla, simulating conditions used in practic 
apparently obtained a satisfactory determination of the Réntgen yi 
a system employing a single diaphragm but a different value wit; 
two diaphragms. We, however, were unable to obtain consiste,; 
results with a single diaphragm system. 

Glasser since the publication of his report on the X-ray standan 
ionization chamber,‘ informs us that he has removed the diaphragn 
close to the tube and finds his unit of quantity unchanged thereby 
thus differing in his findings from both Failla and us. Behnken! using 
a Metalix line focus tube of the 220 kv type, which does not deman( 
a tube diaphragm, naturally employs a single diaphragm system, 

In the present study, the effects of these different experimental 
conditions applied to our own system have been investigated. |) 
addition, other geometrical arrangements of various free air ionization 
chamber systems have been studied. 


II. EFFECT OF POSITION OF CHAMBER DIAPHRAGM WITH 
RESPECT TO THE COLLECTOR ELECTRODE—AIR 
ABSORPTION 


From a previous analysis by Taylor of the ionization chamber 
diaphragm system,® the effective ionization EF, in the chamber, is 
given by 

E= — L, (1) 
where J, is the X-ray flux density at unit distance from the focus; 
the effective length of the measuring electrode; B the distance between 
the tube diaphragm and the entrant diaphragm; 6 the radius of the 
chamber diaphragm; and « a constant. This condition holds only 
when the aperture of the diaphragm system is filled, and absorption 
and scattering in the intervening air space is negligible. 

When using a small focal spot tube, the focus may be considered a 
-— (within certain ranges) so that B in the relation above is replaced 

y B+k where k is the distance from focus to tube diaphragm. 

Under these conditions the distance between the chamber dia- 
phragm and collector plate should not enter.” Consequently, we are 
led to expect that for a given beam of radiation, the ionization currents 
to the collector electrode should remain constant as this distance alone 
is varied, subject of course, to the one assumption that the radiation 
be sufficiently penetrating to permit the loss by air absorption between 
tube diaphragm and collector electrode to be neglected. Failla® did 
find however a decrease of some 5 per cent in the ionization currents 
as the distance from his chamber diaphragm to collector plate was 
increased from 40 to 110 cm. 

He attributed most of this 5 per cent change to scattering from the 
lead walls of the tube which supported the diaphragms although later 





3 In this paper the term ‘‘stem radiation” includes that from the back of the target as well as the stem, 
unless stated otherwise. 

4 Glasser and V. V. Portmann, Am. J. Roent., 19, p. 564; 1928. 

§H. Behnken and R. Jaeger, Strahlentherapie, 36, p. 778; 1930. 

*L.S. Taylor, B. 8. Jour. Research, 3 (RP119), p. 807; 1929. 

? This conclusion is in agreement with Behnken’s earlier analysis. (H. Behnken, Strahlentherapie, %, 
p. 79; 1927), but in discord with the work of Kaye and Binks (G. W. C. Kaye and W. Binks, Brit. J. Rad. 
2, p. 553; 1929). 

® See p. 61, Failla’s paper, referred to in footnote 1, p. 219. 
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Singer. 


® ork on his and our part indicates that the effect was probably largely 
Fdue to air absorption.® 


A rough test of this effect, made at the time our free air ionization 
chamber was designed,” showed a negligible change in the ionization 
current When the distance between chamber diaphragm and collector 
plate was kept within a working range suitable to our apparatus of 
3) to 45 em. Where the collector to chamber diaphragm distance 
runs to magnitudes much above this, as in Failla’s experimental case, 


‘the consequent air absorption should be taken into account as shown 
‘below. To test the effect of air absorption more carefully, it was 
‘ decided to repeat these measurements over a wider range of distances 
between chamber diaphragm and collector and, in addition, for several 


F radiation qualities. 


For this purpose the ionization chamber diaphragm, consisting of 


both the limiting (NV) and the scattering (S) diaphragm, was removed. 


from the chamber and supported rigidly in the center of the beam as 


‘indicated in Figure 1. The size of the diaphragm WN and its distance 
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FiaurE 1.—Diagram of arrangement of ionization chamber and diaphragms 
used in studying air absorption 


from the tube diaphragm M were so adjusted that the diameter of 
the beam was small. The opening J in the front of the chamber was 
about 8 cm in diameter, while the maximum diameter of the beam was 
about 3 em, so that, proper alignment having been assured, no part 
of the beam was cut off. These features were each checked by means 
of a fluorescent screen. Finally a lead screen H was placed so as to 
prevent scattered radiation, from any preceding parts of the system, 
entering the chamber. 

Maintaining B constant, the ionization chamber was moved along 
a track, in the direction of the beam, through a variable range from 
D=41.7 em up. All other factories remaining constant, the resulting 
ionization currents in the chamber were measured by a null method,” 
precautions being taken to insure that the X-ray beam did not pass 
so near to the electrode as to exclude utilizing the full range of the 
photoelectrons. 





‘Doctor Failla has very kindly made certain of his unpublished data available to the authors. It is very 
gratifying to find that his measurements check ours as to the effect of air absorption. 
"L.S, Taylor, B. 8S. Jour. Research, 2 (RP56), p. 771; 1929, 
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TABLE 1 
| Dist I I Ditter- | “aacrnee 
= x | Distance max min iffer- | devia- | # 
kv Filter ee D=41.7 | D=101.7| ence |tionfrom| cu 
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: — =. a 
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Distance D (cm) 
Figure 2.—Intensity of ionization as a function of the distance D 





Figure 2 shows the plot of a typical set of such measurements, 
from which it is seen that the intensity of the beam falls off several 
per cent as the distance D is increased. It is also seen that as the 
radiation is hardened by increasing the filtration, the absorption per 
unit distance becomes less. 

Table 1 gives the results of several sets of such measurements. 
Columns 4 and 5 indicate, respectively, the maximum and minimum 
ionization currents obts ined at D=41.7 cm and D=101.7 em, repre- 
sented by (a) and (6) in Figure 2. The ] vercentage change in the 
measured ionization current appears in Be 6 and the average 
deviation from the mean of the observations for a single run, i 
column 7. 

The change in ionization current with increasing D, which is rels- 
tively large ‘for unfiltered radiation and only one- “third as much for 
filtered r: adiation, indicates that the assumption of no loss by absorp- 
tion along the path certainly does not appear justified. 





Toylor] X-ray Ionization Chamber Diaphragms 223 

From these measurements it is possible to calculate by means of 
the usual absorption formula, I=I,e~*, fairly accurate values of the 
air absorption coefficients for the various qualities of radiation used. 
For the thickness z of the absorbing medium (air) we may use the 
difference between the two values of D at which the intensity measure- 
ments in Table 1 were made. The initial intensity J is taken as 
that for D=41.7 em and the transmitted intensity through 60 cm of 
air as that for D=101.7 cm. Substitution of these values of J and J, 
in the equation gives, for each radiation quality, the absorption 
coeflicients shown in column 8. 

It should be pointed out that for very accurate determination of 
air absorption coefficients, it is undesirable to use such a great thick- 
ness of the absorbing medium, since there will be a slight change in 
the radiation quality due to absorption between the two positions of 
the ionization chamber used. This is, of course, more important for 
unfiltered radiation and, consequently, the values of » marked with 
an asterisk (*) in Table 1 should not be given as much weight as the 
other values. In the case of filtered radiation, this error may be neg- 
lected as indicated by the fact that as the filtration of 140 kv radiation 
is increased from 0.25 mm to 1.0 mm of copper, the absorption coeffi- 
cient decreases from 0.00035 to 0.00033 cm! only. 

As known, the total absorption coefficient, u, consists of two parts 
o and 7 such that ” 

p=otT 


where 7 is the true absorption coefficient and o is the scattering 
absorption coefficient. If now o is appreciable, the effective ioniza- 
tion per cubic centimeter in the ionization chamber should be per- 
ceptibly decreased by enlarging the cross section of the beam in the 
chamber, either by changing the opening in the entrant diaphragm or 
by changing the distance D in either case, the intensity being kept 
constant. In an earlier contribution, using the same set-up, no such 
change was found by the authors, * hence we may assume that o 
plays no appreciable part here in decreasing the ionization observed. 

In seeking to compare these results with previous work we find that 
reliable air absorption coefficients are not available. However, the 
use of a value of uw for air given by Eve and Day “ as 0.0004 cm—! for 
roughly the same radiation quality corresponding to 112 kv radiation 
filtered with 0.25 mm of copper, results in a decrease in intensity of 
about 2.4 per cent per 60 cm as against 2.63 per cent found in our 
experiments. Considering the uncertainties in the earlier work this 
may be taken as fair agreement. 

Having found that air absorption can not be neglected we should 
note the effect of this on the measurements made with large free-air 
ionization chambers. In the chambers used by several observers 
the distance between chamber diaphragm and the collector plate 
varies from about 30 to 50 cm. Thus, if comparing two such cham- 
bers in which this difference is appreciably different, ful! allowance 
should be made for the air absorption of each quality of radiation 
employed in the comparison. 


—. 


” See A. H. Compten, ‘‘X-rays and Electrons,” p. 175. 
BL, 8. Taylor, B. 8S. Jour. Research 3 (RP119), p. 807; 1929 
4“ A,S, Eve and F, H, Day, Phil. Mag., 23 p, 683; 1912, 
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When calibrating a thimble chamber against a free-air chamber, th, 
former is usually placed at the position of the free-air chamber dis, 
phragm. Consequently the radiation, being partially absorbed 
within the large chamber, is more intense at the position of the smalj 
chamber than indicated by the measurements made with the larg 
chamber. This may be corrected, by allowing for the air absorption 
in the air path between the chamber diaphragm and collector, 


























TABLE 2 
rE Se ae | Difference = 
| r/full r/full 
kv Filter r/min scale scale | M in- M out 
| M in M out | Mf out 
—————————— eae ————_—_ — - | — - | — —-- - (cates = 
1 2 3 4 5 | 6 
| mm Al | Per cent | 
1.65 3.02 ie ane 
108 5 { aD ret 2. 99 \ +1.03 
On i OO ee Yo | 
f 9.35 3.18 ninemina 
85 OR 11.93 |. 3.10 i} +2. 58 
m) of ES eH on 
| ! | | 





In the guarded field ionization chamber, recently described by the 
authors, » the distance between entrant diaphragm and collector is 
about 10 cm, consequently the error due to air absorption is reduced to 
about 0.4 per cent for filtered radiation. For the most precise work, 
however, this effect should be taken into account. 


III. EFFECT OF DIAPHRAGM FOR LIMITING FOCAL RADI- 
ATION 


The effect of omitting the diaphragm M placed next to the tube 
to eliminate stem and off-focus radiation was studied. Results were 
obtained most conveniently by comparing the ionization currents in 
two different chambers, both with and without the diaphragm in 

lace. 1° 

7” The method of observation was, first, with the diaphragm M in 
place, to measure the intensity of the beam, with the large air ioniza- 
tion chamber and then with a thimble chamber placed at the position 
of the chamber entrant diaphragm; and, second, with the diaphragm 
M removed, to repeat these measurements. In the first case the stem 
radiation is cut off; under the second set of conditions, to simulate 
practice, the beam is limited by the diaphragm T having a diameter o! 
about 4 cm so that a portion of the stem radiation falls on the thimble 
chamber or entrant diaphragm of the standard chamber, both at 90 
cm from the target. 

Table 2 gives the results of a series of such measurements which 
happened to be made at lower voltages. Similar runs for higher 
voltages gave essentially the same results. Column 3 gives the 





15 L. S. Taylor and G. Singer, B. S. Jour. Research, 5 (RP211), p. 507; 1930. 

© Obviously the magnitude of the difference between the ionization currents will depend in a large 
measure upon the particular choice of the chambers, and consequently such results have no quantitative 
value other than indicating the magnitude and direction of error. 
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[Vol.¢ a 
Rontgens per minute as measured by the air chamber. Columns 
4 and 5 indicate, respectively, the number of Roéntgens per full 
scale for the thimble chamber electroscope, with M in and out. 
Column 6 gives the percentage difference between the calibrations 
of the thimble chamber in the two cases. 

It is seen that as might be expected when the tube diaphragm M 
i; omitted, the thimble chamber indications are in all cases larger 
than those of the air chamber, due to the fact that the former receives 
X rays from a greater portion of the radiating source. Thus for 
calibration purposes it is obviously necessary that both chambers 
receive radiation from the same parts of the target. 

The magnitude of such a variation depends upon the size and 
shape of the thimble chamber used and upon its distance from the 
target or diaphragm J. Since thimble chambers all vary in con- 
struction, it is obviously unsafe to rely upon a calibration effected 
by asystem which does not strictly limit the beam to focal radiation. 
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Ficure 3.—Diagram showing arrangement of thimble chambers for 


[. calibration 

IV. POSITION OF THIMBLE CHAMBER FOR CALIBRATION 
e 
e As pointed out in a previous paper by the authors, different 


observers employ different methods of calibrating a thimble chamber 
against a standard.” It was further shown that the replacement 
method was the most reliable. In view of the results of Section 
III, it was of interest to compare the three more common methods 
with the additional variable factor of changing the diaphragm M. 





























TABLE 3 
| | Difference ‘ 
. F : r/full | r/full |Min—M out) Error o 
No. pe 4 | kv | Filter —_ _ scale scale | observa- 
| ion | | eee Hh eee M in M out | tion 
| | Mout 
} | | 
Ce ae eee een ara eee Fare = 
1 | 2 | 3 4 5 6 7 8 9 10 
ese eee en, Oe | 
| | | | 
| | | | Per cent Per cent 
A | 140} 0.25 1. 396 1. 418 1. 412 1. 501 —5.9 0. 23 
a A 140 | .10 2. 354 2. 528 1. 509 1. 619 —6.8 at 
ass ag ane B 140 | . 25 1. 420 1, 490 1.310 | 1, 285 +1.9 - 82 
ee B 140} .10 2. 330 2. 410 1. 386 1. 363 +1.7 48 
ens tecksen nnn Cc 140 | - 25 2. 506 2. 668 1. 429 1. 413 +1.2 58 
Couedae seen Cc 140 -10 3.205 | 3. 352 1. 357 1. 343 +1.5 59 
| } | } 





"L.S. Taylor and G. Singer, B. S. Jour. Research, 4 (RP169), p. 631; 1930. 
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The experimental arrangement is indicated in Figure 3. A paraffin 
thimble chamber about 3 cm long was placed in three positions. 
(a) to one side of the beam in the direc ‘tion of the tube anode, (b) t, 
the cathode side of the beam, and (c) in beam center, and for eg¢| 
position was calibrated in Section III against the large air-chambo: 
system with and without the diaphragm M in place. The thimb), 
chamber and air chamber were placed 139 cm. from the target fo; 
position c, but the air chamber was placed 154 em away for positions 
aand 6. In each case the alignment was tested with a fluorescent 
screen. 

Columns 5 and 6 in Table 3 give the beam intensity in Réntgens 
per minute as measured with the large air chamber with diaphragm 
M in and out, respectively. Columns 7 and 8 give the corresponding 
Réntgens per full scale as measured with the thimble chamber, 
(The electroscope used in these measurements differed from that used 
in Section III and had greater sensitivity.) Column 9 indicates the 
percentage change in the ionization measured with the thimble 
chamber when the diaphragm A/ is removed. Rows 3 to 6 are seen 
to be in good agreement in this respect with the results given in 
Table 2 and further indicate that there is no essential difference in 
the ¢ salibration effected at positions in the center and at the cathode 
side of the X-ray beam. For both positions B and C, the omission 
of the diaphragm M raises the thimble chamber measurements about 
2 per cent throwing the calibration in error by that amount. 

However, rows 1 and 2 for the thimble chamber in the anode side 
of the beam show that there is a very large decrease in the relative 
ionization measured when M is removed. The geometry of the 
system makes the reason clear; the diaphragm 7’ shields the thimble 
chamber from a considerable portion of the stem radiation which is 
allowed to enter the large air chamber. We are thus led to the con- 
clusion that, even without the diaphragm MM, the most satisfactory 
position for the calibration of a thimble chamber is in the beam 
center, thus necessitating a replacement method of measurement. 





V. VARIATION OF RADIATION QUALITY FROM DIFFERENT 
PARTS OF TARGET AND STEM 


E. Lorenz * found that the continuous spectrum radiation, pro- 
duced by electrons striking the back of the target and stem after 
reflection from the target face, had a definite short wave length limit 
depending upon the position along the anode at which it was produced. 
This leads at once to the conclusion that the quality of the radiation 
from various parts of the anode other than the focal spot should 
vary over wide limits. Since the ionization measured by most small 
chambers depends upon the radiation quality, it is important to 
know to what extent such a variation in quality exists. 

To determine the magnitude of such quality change, three sets of 
conditions were chosen by shielding off certain parts of the radiation: 
(a) A thick lead w edge was so plac ‘ed as to prevent all focal radiation 
from entering the air ionization chamber; (b) The wedge was removed, 
thus allowing the total radiation from foc ‘us, target bac *k, and stem to 
enter r the chamber; (c) The diaphragm M (fig. 3) was placed 1 in th 











18 E. Lorenz, Proc. Nat. Acad Sci, Qe p. 582; 1928, 
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beam and adjusted to such a size that only focal radiation entered 
the chamber. Figure 4 shows pinhole photographs of the target for 
each of the three conditions. Under each set of conditions the effec- 
tive wave length was determined by the finite filter method 7° using 
a copper filter 0.05 mm thick. (Since all effective wave lengths were 
measured by the same method there is no necessity for comparative 
purposes of reducing them to true ef ‘ective wave lengths.) 

' The results of such quality measurements made with two X-ray 
tubes are shown in Table 4. A voltage of 130 kv ripple potential,” 
having very small ripplage, was applied to the tube. Intensity 
measurements J were made with the free air ionization chamber for 
the different filtrations indicated in column 1. The transmissions of 
0.05 mm copper for increasing initial filtration of copper are given in 
columns 3 and 7. In columns 4 and 8, and 5 and 9, are given the 
corresponding copper absorption coefficients and effective wave 
lengths. 

Comparing the quality of the focal (C) and stem radiation (A) for 
the same filtration we find a marked variation between the effective 
wave lengths X, over the whole range studied. Column 10 gives the 
percentage difference in , for the two beams. Likewise there is a 
large difference in quality between the stem (A’) and the total radia- 
tion (B). (Data A’ and B were for a fine focus tube while A and C 
were for a broad focus tube of the same type, so that the two are not 
directly comparable.) However, it is seen that the change in , for 
total (B) and stem (A’) radiation is intermediate between zero change 
and that found for focal (C) and stem (A) radiation. This is to be 
expected, for in data B we have simply an addition of a radiation of 
different quality to that corresponding to data A’. 

Furthermore the distribution of scattered electrons over the back 
of the target and stem will vary both with filament current and tube 
potential; and, as a result, there will be a variable quality for the 
stem radiation dependent upon these factors. In general, this will 
affect seriously the calibration of a thimble chamber. 

These results again emphasize the importance of limiting the stand- 
ard X-ray beam to the focal radiation for which the quality is uni- 
form unless all chambers receive radiation from exactly the same 
portions of the anode—an obviously impractical restriction. 

It has been argued that, for purposes of medical application, the 
thimble ionization chamber should be calibrated under the same 
conditions as it is used in practice; that is, exposed to the total radia- 
tion from the anode. This and previous studies by the authors show 
that such a method is impracticable if we are to measure X-ray in- 
tensity in terms of the international Réntgen. Moreover no errors 
will be introduced if the chamber is calibrated under experimentally 
ideal conditions and used in practice under very different conditions 
provided care is taken to use the proper radiation quality. If a cor- 
rect calibration is in Roéntgens under well-defined conditions the 
thimble chamber will always indicate Réntgens for beams of the same 
quality under which the calibration is effected. For example, if a 
calibration be made for a quality \. where all the radiation comes 
from the focus, the chamber will indicate correctly for the same radia- 
tion quality A, regardless of whether the source includes the stem as 





WT, 8, Taylor, B. S. Jour. Research, 5 (RP212), p. 517; 1930, 
“L,8. Taylor, B.S. Jour. Research, 5 (RP 217) p. 609; 1930. 
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well as the focus. The effects of variations in the radiation quality 
due to the source are taken care of by the very nature of the primary 
calibration of a thimble chamber. : 


TABLE 4 


A’ (stem—O. F.) B (F. +stem+0O. F.) 
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AN OPTICAL COINCIDENCE GAGE 
By I. C. Gardner and F. A. Case 


ABSTRACT 


A new type of optical instrument is described which enables one to make 
measurements in a direction normal to the surface viewed. Furthermore, the 
method of operation is sufficiently simple to permit its use for routine industrial 
measurements. The instrument is similar to a military range finder except that 
the two telescopes forming the optical system of the range finder are replaced by 
two miscroscopes. In the instrument which has been constructed at the National 
Bureau of Standards, the magnification is approximately 85 and, under favorable 
conditions, the probable error of a single reading is approximately +0.001 mm 
(+0.00004 inch). As the settings are made without mechanical contact the 
instrument is particularly well adapted for measurements where all danger of 
deformation of the object should be avoided. It can also be used for making a 
measurement which terminates at an optical image, and this possibility has been 
realized in a second optical coincidence gage which was built for the purpose of 
adjusting the sound reproducing mechanism of a motion-picture projector. 
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I. INTRODUCTION 


The micrometer microscope is particularly adapted for the compari- 
son or measurement of lengths which are limited by fiducial marks and 
which are parallel with the surface imaged by the microscope. Such 
an instrument is therefore well fitted for use in connection with line 
standards, and finds numerous applications on comparators, goniome- 
ters, and other measuring instruments. The comparison or measure- 
ment of end standards and the routine gaging of parts, such as is 
accomplished by the snap gage or micrometer caliper, requires the 
measurement of a length which lies normal to and is limited by a pair 
of surfaces. The requirement that such measurements be made by 
an optical method and without mechanical contact with the limiting 
surfaces presents a problem entirely different from that solved by the 
micrometer microscope. 

rhe most obvious means for making such a measurement is the 
ordinary microscope, the position of the object plane on the axis being 
determined by the sharpness of the image. Unless objectives of large 
numerical aperture are employed, the lack of precision arising from 
the depth of focus is commonly a disadvantage and, if an objective 
of large numerical aperture is used, the working distance, for many 
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purposes, becomes inconveniently small. The best results in using sy¢), 
focusing methods for measurements of this character, that is, measure. 
ments made normal to the surface imaged by the instrument, haye 
probably been achieved by Arnulf, Van Heel, and Perrin.' The pr. 
cision which they obtained leaves little to be desired, in fact, it js 
almost of the same order as that of the interferometer, but measure. 
ments can be made only to an optically regular, polished surface: , 
limitation not so serious, perhaps, in laboratory work, but probably 
an important obstacle to its mtroduction for industrial purposes, 
Interferometric methods constitute a second means for measuring 
lengths in the direction along which the light is traveling, but thei 
creat precision and sensitivity are accompanied by difficulties which 
have made it somewhat impracticable to apply such methods to 
measurements of intermediate accuracy. 

In the instrument to be described a new means has been developed 
for making measurements in a direction normal to the surface ob. 
served, which permits measurements to be made with a precision 
intermediate between that of the usual screw micrometer and the 
interferometer. In this case, the operation is so simple that it may 
be used for routine industrial purposes whenever conditions make 
the use of an optical system necessary or advisable. There is no 
mechanical contact between the gage and the surface observed, and 
working distances as large as 50 mm can be consistently used with a 
probable error for a single setting not greater than +0.001 mm. 

The use of this instrument for industrial purposes offers advantages 
other than those of a favorable degree of precision. For measure- 
ments of high precision by mechanical methods the accuracy of a 
determination is always likely to be affected by deformation of the 
material at the point of contact even though the measurement is 
made to a surface of a most substantial object whereas, with the optical 
system to be described, the absence of mechanical contact permits 
measurements to be made on the most fragile of objects without the 
slightest danger or inaccuracy from deformation. The possibility of 
eliminating mechanical contact also enables one to make measure- 
ments of rotating parts in a lathe, of hot bodies without local cooling 
at point of contact, or of electrically charged bodies. A further 
advantage of an optical method is that measurements may be made 
to internal surfaces which are inaccessible to mechanical methods oi 
measurement. For this purpose the instrument may be made in 
the form of a modified periscope, and may be so designed that the 
flexure of the parts forming the tube of the periscope does not affect 
the accuracy of measurement. Furthermore, one important indus- 
trial application of this instrument has been the measurement to an 
image formed by an optical system instead of to a material object, 
a measurement quite outside the range of a mechanical method. 


II. THE THEORY AND USE OF AN OPTICAL COINCIDENCE 
GAGE 


The basic principle of the optical coincidence gage will be under- 
stood by reference to Figure 1. Two microscopes are shown with 
their axes crossing: at the axial object point. If each microscope 1s 
provided with a fixed cross hair it is evident that they may be 9 





1 Comptes Rendus, 188, pp. 860-861; 1929, 
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Case 


adjusted that an object placed at the intersection of the two axes will 
} appear in coincidence with the cross hairs in each field. If now the 
object is displaced in a direction having a component parallel to the 
bisector of the axes of the microscopes its Image must necessarily 
depart from the cross hair in one or both microscopes and a measure 
of this departure will be a measure of the displacement of the object. 
The instrument may be improved by borrowing an idea from the 
military, coincidence-type, self-contained base range finder. The 
felds of the two microscopes are accordingly brought together by a 


oo 
A 


\ 


i. 
W 


Ficure 1.—Diagrammatic sketch illustrating method of operation 


prism system so that both fields are seen at once through one ocular. 
With this prism half of each field is suppressed so that, on looking 
through the ocular one sees a circular field divided by a sharp dia- 
metrical dividing line, with the image on one side of the line formed 
by one objective, and that on the other side by the second.? The 
prisms connecting the two systems are so arranged that the two 
fields are perfectly symmetrical and consequently corresponding 
parts match on the two sides of the dividing line when the object is 


in the plane which makes equal angles with the two axes and con- 





) The ocular prism from a range finder of the ‘inverting 4 can be used, in which case the same half 
of each field is suppressed. One field, however, is inverted thus making the two halves of the field sym- 
metrical about the dividing line. 
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tains their intersection. (The matching of the two fields can not be 

erfect at the edges because the object plane can not be normal to 
both optical axes at the same time, but with the relatively low magni- 
fication employed this introduces no appreciable difficulty, even at 
the edges of the field.) If now the object is displaced through a 
distance d, in any direction such as AB in a plane at right angles to 
the bisector CD of the angle between the two axes of the objective, 
then the image shifts bodily in both fields, without any disturbance 
of the symmetry, through the distance Md, where M is the magni- 
fication. If, however, the displacement is through a distance d 
along CD, the halves of the field move in opposite directions and fail 


to match by the distance 2Mdm sin 7 The ratio of the sensitivities 


of the instrument to displacements in the two directions is therefore 


oe . 2 3 ; 
2 sin 5 which, when a equals 25° (the value in the present instrument) 








re b 


FicurE 2.—Field of view of optical coincidence gage 


a, Coincidence established; 6, coincidence not established. 


reduces to 0.43; that is, the error of measurement for a displacement 
along the bisector of a will be approximately 2.5 times the corre- 
sponding error for a displacement normal to the bisector. 

The appearance of the two fields, as viewed through the instrv- 
ment will be made clear by reference to Figure 2. In the first sketch 
(a) the two fields match and the object has been brought into the 
position at which the reading is taken. In the second sketch (6) the 
adjustment has not been completed and the image is broken at the 
dividing line. 

It is evident that the surface to which the measurement is to be 
made must possess ‘landmarks,’ such as tool marks, scratches or 
other markings on the surface, which can be readily identified. (This 
is not a severe restriction as few surfaces fail to show such marks when 
suitably magnified. By a simple modification,’ however, the instru- 





5 To measure to an optically regular reflecting surface an illuminated slit or other brightly illuminated 
target is mounted on the optical coincidence gage. The setting is made on the image of the target formed by 
reflection at the optical surface. If the two surfaces between which the measurement is to be made are plan¢ 
or have the same curvature no correction need be applied for the use of the reflected image. If the two 
surfaces have different curvatures an easily evaluated constant must be applied to the result obtained. 
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ment may be adapted for measuring lengths terminated by optically 
regular reflecting surfaces which carry no surface markings.) Obvi- 
ously, it is advantageous to so orient the surface that the images of 
these markings lie with their longer dimensions approximately normal 
to the dividing line in the field of the instrument as illustrated in 
Figure 2. 

From the above discussion it is evident that there exists a reference 
plane, having a fixed relation to the instrument, into which, a surface 
must be brought if the two halves of the field are to match. When 
the surface departs from this reference plane the fields fail to match, 
and it has been found that this failure provides a convenient means 
for measuring a departure as small as +0.001 mm. It follows that 
the optical system, as described, functions as a sensitive indicator, for 
determining the position of a surface or its departure from a standard 
position, but it differs from other indicators in that no mechanical 
contact with, or particular quality of, the given surface is required. 
“Optical contact” is substituted for mechanical contact and diffuse 
rather than specular reflection can be used. Moreover, these ad- 
vantages are combined with high sensitivity in an instrument adapted 
for industrial applications. This optical system has been devised for 
use as part of an instrument which is being developed for gaging 
internal threads and which will be described in a later paper. 

A dimension to be gaged by the optical coincidence gage must pos- 
sess the characteristics of an end standard rather than of a line stand- 
ard; that is the dimension must be terminated by two surfaces which 
are normal to the dimension or which have two tangent planes normal 
to it. The micrometer caliper, snap gage, and similar devices deal 
with lengths of this character, and the measurement of such lengths 
constitute a large portion of the gaging operations in industrial estab- 
lishments. For one method of using the optical coincidence gage for 
a measurement of this nature a suitable mounting must be provided 
having an anvil which can be translated through a measured distance. 
The anvil is first brought into the reference plane and coincidence 
established. The object to be gaged is next placed with one of the 
fiducial surfaces in contact with the anvil which is then translated 
until the second fiducial surface is brought into the reference plane 
and the distance through which the anvil was translated is the required 
measurement. 

With this method of measurement there is mechanical contact be- 
tween the anvil and the lower fiducial surface. However, there is no 
mechanical contact at the upper surface and the object is under no 
stresses other than those introduced by its own weight. For those 
cases in which entire freedom from mechanical contact is required 
two complete optical systems, one directed at each surface, may be 
employed. 

In another method of application of the gage the test surfaces re- 
main fixed and the translation of a prism of small angle along the axis 
of one of the microscope systems shifts, with respect to the instrument, 
the location of the reference plane for which coincidence is obtained. 
The scale for measuring this prism translation may be graduated to 
read directly the amount of this reference-plane shift and a very open 
scale may be secured by a suitable choice of refracting angle for the 
prism. This method, however, can not be applied to the measure- 
ment of lengths greater than the distance through which the object 
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can be displaced without the necessity of changing the focus. This 
is the method of measurement used on the instrument described jn 
Section IV. 


III. DETAILS OF CONSTRUCTION OF THE INSTRUMENT 
BUILT AT THE NATIONAL BUREAU OF STANDARDS 


1. OPTICAL DETAILS 


The arrangement of the optical parts in the initial instrument 
which has been constructed by the National Bureau of Standards 
is illustrated by Figure 3. The locations of the two objectives and 
the paths of the light rays through the several reflecting prisms to 
the common ocular are clearly indicated. The ocular prism is of the 
standard type used in a 1 m base military range finder. This prism 





x 





Figure 3.—Optical system of coincidence gage 


was selected because of its availability although a prism of simpler 
and less expensive construction would have served quite as well for 
the present purpose. In order to obtain satisfactory results it is 
necessary that the two halves of the optical system be so adjusted 
that the two exit pupils are in coincidence. If this adjustment is 
not secured the relative brightness of the two halves of the field will 
vary in a disturbing manner as the position of the eye is changed. 
The mechanism for fine adjustment of the reflecting prisms (which 
is described in Section III, 2) was very useful in securing this coin- 
cidence of the exit pupils. 

To measure with precision it is necessary that the images in the 
two halves of the field be magnified to the same scale, that one field 
show no parallax with respect to the other, that the two fields match 
when in the position of best focus, and that the dividing line cut the 
image of a line lying transverse to it at exactly the same point in the 
two fields. These conditions are easily maintained when they are 
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once established, but suitable fine adjustment mechanism must be 
provided for such purposes. To make the two images the same size 
one objective is shifted in its tube to bring it farther from or closer 
to the object. After this has been done, the two images, in general, 
will not lie in the same plane and there will be parallax. To remove 
this the ‘‘parallax adjustment lens,’”’ a weak supplementary lens 
located back of one of the objectives, is displaced along the axis. 
If the required correction for parallax is large it may be necessary 
to readjust the objective and make a second adjustment for parallax 
in order to secure both equality of magnification and freedom from 
parallax. The “parallax adjustment lens” is given its correct posi- 
tion by a rack and pinion movement operated by a key which fits 
over the end of the pinion shaft. When this key is removed all 
parts gre flush and there is but slight danger of an accidental dis- 
placement. After equal magnification and freedom from parallax 
have been secured the object is brought into the plane of best focus 
by displacing the instrument or the object. In general, the two 
fields will not match nor will they be symmetrically placed with 
reference to the dividing line. To remedy these defects the ‘‘halving 
adjustment wedge” and the “coincidence adjustment wedge” are 
provided and they also are movable along the axis by means of the 
key and suitable rack and pinion movement. The first mentioned 
wedge has its refracting edge parallel to the plane of the drawing 
and when it is moved it shifts one image in a direction at right angles 
to the dividing line, thus enabling a symmetrical appearance of the 
two fields to be obtained. This is analogous to the ‘‘halving adjust- 
ment” of the range finder. The ‘coincidence adjustment wedge” 
has its refracting edge normal to the plane of the drawing, and by 
its movement one field is caused to shift relative to the other in a 
direction parallel to the dividing line thus enabling the two fields to 
be brought to a match when the object is in the position for best 
focus. This adjustment is analogous to the ‘‘infinity adjustment”’ 
of the range finder. 

For this instrument the magnification is approximately 85 diam- 
eters, the angle between the axes of the two objectives is 25°, and 
the working distance, measured from the front surface of the objec- 
tive to the object surface is 50mm. The precision of setting depends, 
as is to be expected, upon the character of the target. With a fine 
opaque wire, against a bright field, it is not difficult to obtain set- 
tings for which the probable error of a single determination is 
+0.001 mm. 

2. MECHANICAL DETAILS 


Figure 4 is a reproduction of the completed coincidence optical 
gage as constructed at the National Bureau of Standards. The body 
of the instrument is composed of two aluminum castings, one forming 
the support, the other the cover for the optical parts. The peculiar 
form given to the system, with the two objectives carried in the nose 
piece projecting to the right, was adopted because of the special 
purposes for which the instrument was designed.* The “parallax 
adjustment lens” and the “coincidence adjustment wedge”’ indicated. 
in Figure 3, are located in the nose piece and do not show in Figure 4, 





‘ This instrument has been developed to form the optical part of a device for measuring internal threads. 
The extension to the nose piece shown in Figures 4 and 5 and not indicated in Figure 3 is an attachment 
added for this same purpose, 
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These parts are adjusted by a key which enters the instrument 
from the back. The other prisms are clearly visible and may be 
readily identified by reference to Figure 3. Each of the four reflect. 
ing prisms is mounted on a small turntable held snugly in its seat by 
a nut and a spring washer on the back of the instrument. For each 
turntable two screws enter the edge of the base of the instrument and 
bear against two faces cut on the turntable in such a manner that 
when the two screws are alternately tightened they tend to rotate 
the turntable in opposite directions. These screws provide a means 
for orienting the prisms precisely, After such an adjustment has 








Figure 5.—Mechanical details of optical coincidence gage 


been made the heads of the adjusting screws are covered with a strip 
of metal which is secured in place to prevent the accidental disturb- 
ance of the adjustment. This construction is clearly shown in 
Figure 5. 


IV. DETAILS OF A SECOND INSTRUMENT WHICH HAS 
BEEN BUILT 


A problem encountered by the Baush & Lomb Optical Co. was 
solved at the bureau’s suggestion by the adoption of the optical system 
of the coincidence optical gage. Figure 6 is an illustration of the 
instrument which they have built for use in the assembly and adjust- 
ment of a portion of the sound-reproducing device on a motion- 
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FicgurE 4.—View of complete instrument with the cover removed 














RE 6.—Optical coincidence gage built by the Bausch & Lomb Optical Co. 


for the adjustment of sound reproducing motion-picture apparatus 
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picture projector. A small image of a slit is produced by a well- 
corrected condensing system of large angular aperture, and this 
image is to be adjusted to fall very precisely in the plane of the 
film. Obviously, an optical method must be used to fix the position 
of the slit image. The image may be observed by a microscope 
focussed on the plane to which the slit is to be adjusted, but if the 
magnification employed is sufficient to give the desired precision, the 
aberration of the image is made so evident that considerable skill and 
judgment must be acquired before a satisfactory adjustment can be 
made. It happens that the angular aperture of the cone of rays form- 
ing the image is large and permits the image to be observed simul- 
taneously through two microscope systems, such as those of the 
coincidence gage. It seemed, therefore, that his type of instrument 
would serve as an excellent indicator for fixing the position of the slit. 
A trial with the instrument built at the National Bureau of Standards 
demonstrated that the gage could be applied satisfactorily and the 
Baush & Lomb Optical Co. accordingly built the instrument illus- 
trated in Figure 6. Small displacements of the slit are measured by a 
measuring wedge or prism, which, by its displacement along the optical 
axis, shifts the axis of one-half of the optical system slightly, and thus 
displaces the point of intersection of the two axes. Thisis substan- 
tially the same measuring device that is employed in one type of range 
finder. The scale parallel to which the measuring wedge moves is 
clearly shown in Figure 6, and is graduated to read directly in terms 
of the displacement of the object. The numbers for the scale, as can be 
seen from the illustration, are reversed in order that they may read 
correctly after a single reflection in a mirror, which enables the scale 


to be conveniently read by the observer when in a position to look 
through the eyepiece. The support for this mirror can be seen on 
the cover of the instrument. The use of a measuring wedge with a 
small refracting angle enables a very open scale to be secured. The 
entire scale shown in the illustration corresponds to a motion of the 
object of only 0.006 inch and the probable error for a single setting 
is of the order of + 0.00002 inch. 


WasHINGTON, October 1, 1930. 
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THE BAND SPECTRA OF SCANDIUM-, YTTRIUM-, AND 
LANTHANUM MONOXIDES 


By William F. Meggers and John A. Wheeler 


ABSTRACT 


The ordinary are spectra of scandium, yttrium, and lanthanum show, in addi- 
tion to lines characteristic of neutral and ionized atoms, complex banded struec- 
tures which are ascribed to a molecular compound of the atoms with oxygen. 
These bands have the same general appearance as those due to well-known 
diatomic molecules and are, therefore, attributed to ScO, YO, and LaO, rather 
than to the chemically stable oxides Se203, Y203, and La,Q3. 

Electric arcs between silver electrodes with some salt of the element under 
investigation placed on the lower electrode were employed as sources, the salt 
being either pure scandium oxide, yttrium chloride, or yttrium oxalate, or lan- 
thanum chloride or oxalate. The spectra were photographed with concave 
gratings of 214% feet radius of curvature, the gratings and order of spectrum being 
chosen so that the dispersion was 1.8 A/mm in the ultra-violet and blue, 3.7 
A/mm in the remainder of the visible, and 10.4 A/mm in the infra-red. Wave 
lengths of band heads were measured relative to standards in the are spectrum of 
iron, and the relative intensities of the various bands were estimated. 

The band spectra of these oxides are so complex that the fine structure of the 
individual bands has not been sufficiently well resolved to permit analysis of 
the rotation energies, consequently only a description of band heads and their 
classification in various systems resulting from transitions between a number of 
vibration levels of initial and final electronic states can be given. Examination of 
the ScO spectrograms revealed 139 band heads, all of which are degraded to red. 
These bands have been divided into 5 systems, the 0,0 transitions giving heads 
at I, 4857.79 A, 4858.09 A; II, 6017.07 A; III, 6036.17 A; IV, 6064.31 A; V, 
6079. 30 A. In the YO spectrum 120 band heads have been recognized, and all 
of them are degraded redwards. The structure of the YO Spectrum is very 
similar to that of ScO; analysis shows that it also consists of 5 systems, the 0, : 
transitions of which are at I, 4817.38 A, 4818.20 A; II, 5939.08 A; III, 5972.0 
A; IV, 6096.78 A; V, 6132.06 A. The spectrum emitted by the LaO molec “ 
is exceedingly complex; more than 300 band heads have been measured, and it 
is very likely that all of the bands are close doubles separated by about half a 
wave number. The complete molecular spectrum can be divided into 9 systems, 
7 of which inelude all of the bands shaded to red, and the remaining 2 consist of 
groups of weaker bands shaded in the opposite direction. The former systems 
have their 0,0 bands at I, 4871.872 A, 4371.968 A; II, 4418.142 A, 4418.240 A; 
Ill R, 5599.89 A, 5600.02 A, ITI, Q, 5602.36 A, 5602.50 As TY, 7379. 84 A; V, 
7403,52 As Vis 7876. 87 A, 7877. 27 A; VII, 7910. 19 A, 7910, 54 A, 
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I. INTRODUCTION 


The atomic spectra of scandium, yttrium, and lanthanum have 
been under investigation at this bureau since 1925, and it was found 
necessary in each case to make new descriptions ! of the spectra before 
their structures could be satisfactorily analyzed. The ordinary are 
spectrum of each of these elements is encumbered with a complex 
band spectrum which is ascribed to a molecular compound of the ele- 
ment with oxygen. The experimental proof for this is that the bands 
can be suppressed in a vacuum arc or in a hydrogen atmosphere and 
they do not appear in vacuum furnace spectra. The observed bands 
are believed to be due to ScO, YO, and LaO rather than to the chemic- 
ally stable oxides Se,O,;, Y,0;, and La.O, because the bands have the 
same appearance as those due to known diatomic molecules and are 
very different from the few which are known to be emitted by poly- 
atomic molecules, and which as far as we know have never been ob- 
tained in an electric arc. These bands are very much subdued in a 
high potential condensed spark discharge in which the molecular com- 
pounds are dissociated and the atoms mostly ionized. Their presence 
in ordinary arc spectra is a great annoyance, making it very difficult 
to find the weaker arc lines in regions covered by the bands. In mak- 
ing the new descriptions of atomic spectra referred to above the more 
or less sharply defined heads of the unavoidable bands were measured 
and assigned in the wave-length tables to the molecular spectrum. 
Although these molecular spectra are very prominent and beautiful 
and some of the principal band heads have been in the literature for 
many years, no effort was made to interpret them until recently. 

In 1927 Mecke and Guillery ? presented one system of ScO bands, 
but we find that this analysis is a mixture of two different systems. 
We shall give in this paper an analysis of five different systems of 
bands due to ScO. To the best of our knowledge nothing has been 
published on the interpretation of YO bands; we shall present an 
analysis of five systems of bands. The spectrum of LaO is consider- 
ably more complex than either ScO or YO; an analysis of seven sys- 
tems was first published by Mecke,* and a revised and more extended 
analysis has been given by Jevons.* In some cases our spectrograms 
show even more bands than Jevons has published, and since our photo- 
graphs were made with larger dispersion we feel that our wave-length 
measurements of band heads may be somewhat more accurate. We 
are accordingly presenting an analysis of seven systems of LaO bands 
which agrees in the main with that of Jevons. 

By way of introduction, a brief general description of electronic 
band spectra of diatomic molecules is included here, so that readers 
unfamiliar with the nature and theory of these spectra can more read- 
ily understand them. The entire spectrum of 1 molecule can always 
be subdivided into a number of ‘“‘systems,’’ each system consisting 0! 
a number of ‘‘sequences”’ of band heads. These sequences are easily 
recognized in many spectra; they usually consist of a group of neigh- 
boring bands distributed over a limited range of spectrum with obvious 





~” 


1 Meggers, Wave Length Measurements in the Arc Spectrum of Scandium, B. 8. Sci. Paper No. 549, ™, 
p. 61; 1927. Wave Lengths and Zeeman Effects in Yttrium Spectra, B. S. Research Paper No. 12, 1, D. 31%; 
1928. Wave Lengths and Zeeman Effects in Lanthanum Spectra (to be published soon). 

2 Mecke and Guillery, Physikalische Zeitschrift, 28, p. 514; 1927. 

3 Mecke, Naturwissenschaften, 17, p. 86; 1929. 

4 Jevons, Proc, Phys. Soc., London, 41, p. 520; 1929. 
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regularity in spacing and relative intensity. These sequences of band 
heads are the starting point for the analysis of band systems. The 
individual band heads are characteristic of molecular spectra and are 
quite different from atomic spectral lines. Each band has a fairly 
sharp edge or ‘‘head”’ from which the intensity falls off on one side or 
the other. If the intensity diminishes with decreasing wave number 
the band is said to degrade or shade to the red; if it declines toward 
increasing wave numbers the band is said to degrade or shade to the 
violet. In some cases the band heads are most favorably seen in 
spectra of relatively low dispersion; with very high dispersion and 
large resolving power the bands are seen to consist of many fine lines 
packed immeasurably close at the head and spaced more widely with 
increasing distance from the head. In some cases high resolving power 
shows that what appeared under low dispersion to be a single head 
may in reality be two or more heads. The fine lines of a band can often 
be recognized as belonging to two or more “branches,” the number 
and arrangement of which, depend essentially upon the electronic con- 
figurations of the molecule. 

The very excellent account of molecular spectra given by Jevons ® 
is quoted here, with the notation changed to conform with that 
recommended by Mulliken,® and with certain minor changes made in 
the text: 

The theory of molecular spectra attributes the emission of a line of wave number 
vem! (frequency ve per second) to a transition in the molecule from an excited 
state (or energy level) in which the energy is EH’ to a less excited, or the unexcited 
level, of energy H’’, in accordance with the quantum condition y= (EH! — E’’)/he= 
T’—T’’, where T’ and T”’ are the term-values of the more excited and less excited 
states, respectively. The absorption of the same line accompanies the opposite 
transition E’—EH’’. The energy of a molecule is regarded somewhat arbitrarily 
as the sum of three parts, the electronic energy (K.=AcT,.), energy of nuclear 
vibration (H,=hcG), and energy of molecular rotation (H;=hcF), where 
ES>E,>>E,. In other works, a molecule has a number of fairly widely spaced 
electronic energy levels (specified by a group of electronic quantum numbers 
abbreviated by e); each electronic level has associated with it a set of more 
closely spaced vibrational energy levels (specified by successive integral values of 
a vibrational quantum number v), and each of these has a set of much more 
closely spaced rotational energy levels (specified by successive values of a rota- 
tional quantum number J, of which & is the component measuring the nuclear 
angular momentum in units h/27), Thus the wave number of the line emitted 
in a transition T’-T"’ is 


v= (T" .—T".) +(@’—G@")+(F’—F") 
=Vetvetrry, (1) 


where »=>v,>>», in the general case (that is, that of electronic bands) when 
E., E,, and E, all change. For a given band », varies from line to line, while 
vetv, is constant and defines the band origin (v,=0). For a given system v, 
varies from band to band, », being constant and defining the system origin. 

The energy of a molecular vibration is given approximately by the new 
quantum mechanics as 


E,=heG=he[w(v+ 4) —wo x (v+ ¥4)?], (v=, 1, 2, 3, ---) (2) 


where cwp per second is called the frequency of vibration of infinitesimal amplitude 
for the nonrotating molecule, and z is a small constant. The electronic transition 
accompanying the emission of light by the molecule involves changes in both wo 





‘Jevons, Proc. Phys. Soc. London, 41, p. 538; 1929, 
* Mulliken, Phys. Rev., 36) p. 911; 1930. 
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and wor, and for the band origins (v,-=0) in the system arising from the trangj- 
tion we have 


Vorigin — Vet G'—G" 
=vet[wo’ (v’ +14) —aw’2’ (v’ + %)*]— 
[oso (v"” ++ 14) —eon!"2 (0! + 14)9] (3 
There is no selection rule limiting the amount of the change v’—v’’. 

As the positions of the origins are known for comparatively few bands, we 
must consider the positions of the band heads, by discussing briefly the line struc- 
ture of a simple type of electronic band. The energy of rotation of a molecule 
may be written as H,=hcF (J) where F (J) is a function which differs in form 
from one electronic state of a molecule to another. Its simplest form is F (J) = 
B,(J+4)?, where B, is a function of v which can be expanded in a power series 


B,=B.—acvt)+reWt¥)P— sree 


h 
=> —a (v % + © 2 ec e 4) 
Sx2cl, +%4)-4 (4 
I. being the moment of inertia of the molecule in the electronic state in question. 
Usually for a first approximation we may use 2 for J and write 


rH)= Bo C=B SF (5) 


The electronic change is accompanied by a change in J, as well as in wp, wr, 
and other molecular constants. Hence, the wave number of the 2-0 line of the 
N’—N"’ band is given by 


povetvet FF’ (J’) —F"(d") =e +7, + B22 — Bern” (6) 


The change J’—J” is always restricted to 1, 0, and —1, and the series of lines 
corresponding to each of these three values is called a branch, distinguished, 
respectively, by the names RF or ‘‘positive,’”’ Q or ‘‘zero,” and P or “negative.” 
Putting (Q0’+1), 2”, and (Q”—1) in turn for © in formula (6) we obtain approx- 
imate expressions for the branches: 


ve=vetv, +B! +2 B02" +(B! — Bea” 
29+ rety,+ (B’ — Ba” (7) 
vp=v.t+»,+B —2 B02" + (B!— Bo” 


Now if there is a decrease in the moment of inertia during the emission of 
light, 7.’>I.” and (B.’—B.”) is negative; accordingly as @ is given increasing 
values, formula (7) shows that the lines in the P and Q branches draw away from 
the origin toward longer wave lengths (smaller frequencies) at a constantly 
increasing rate; on the other hand, the lines of the & branches start out toward 
shorter wave lengths, get closer and closer together, forming a head, and then 
start back to longer wave lengths at an increasing rate. The value of giving 
the maximum excursion of the F lines to the violet is from formula (7) approxi- 


36! : ae ;' 
mately are and theseparation between the & head and the origin is accordingly 


B’B! 
VR head — Yorigin > BF B,’ (8) 


Such a band degrades toward the red. 

If, on the other hand, the moment of inertia increases during the emission, 
B/>B/ and the R and Q branches draw away at an increasing rate from the 
origin toward shorter wave lengths (higher frequencies); the P branch, however, 
drawing away to longer wave lengths, soon comes to a head and then returns 
toward shorter wave lengths. In this case the separation between the P head 
and the band origin is 

Bs pe 


VP head —Vorigin— BR? _ BM (9) 
e e 


This type of band is said to degrade to the violet. 
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Wheeler 


With this knowledge of the separation between band heads and band origins, 
we should be able to correct equation (8) for origins to fit the observed band 
heads. Doing so, we have to a first approximation 


B¢BS 
Vhead =Vorigin tp 7— Bo (10) 
re leo! (0! +34) —eo!2! (o! +¥46)41— 


[uw ” (vo 4-14) — wx" (v! + 1)2]+- BB 
0 r 72 0 72 BB! —B,/ 


In general, this approximation is not very good, because we have been using B, 
instead of B,=B.—a.(v+14)+ --+++ We can improve it by substituting B, 
jor B, in (10): 


Vhead = Ye + [w’ (v’ + 14) —wo’a’ (v’ + 14)?] —[wo” (v” + 14) — woe” (v” + 14)?] 

[B.’— a.’ (v'+14)] [B"—a.” (v"+%)] 

B”—B.' +a." (v"+ 4%) —a.’(v’ + %) 

«= (ve+k) +[a’ (v’ +4) —b’ (v’ + 14)7]—[a” (o” + 14) — bu” + 14)7) + 0(0’ + 14) (0” Wit 
11 





“fb 


where k, 0, a’, a”, b’, and b” are constants, depending on the values of B,’, B.”, 
ae, ae”, Wo’, Wo”, wo’ 2’, and wo” 2”. For the majority of cases encountered in band 
spectra, equation (11) fits the observed band heads rather well. 7 

Bands for which v’ (or v”) is constant and v” (or v’) varies constitute a v” 
(orv’) progression; thus the bands for which v’, v” are, respectively, 0,0, 0,1, 0,2, 
0,3: ++ form thew” progression v’ =0,and the 0,2, 1,2, 2,2, 3,2-++-+ bandsform 
the v’ progression v’=2. Bands for which the change v”—v’ is constant form a 
sequence, thus the v” —v’ = + 1 sequence consists of the 0,1, 1,2, 2,3, 3,4 - - - bands. 
In analyzing a system it is usually expedient to arrange the wave numbers of the 
heads in a table such that the 0,0 band appears in, say, the left-hand top corner, 
each v” progression runs horizontally, each v’ progression runs vertically and each 
sequence runs diagonally from top left to bottom right. The vibrational quantum 
analysis may, indeed be said to consist of the correct construction of such a table, 
for when this is achieved, the values of v’ and vw” can be assigned with almost 
complete certainty, and the coefficients in equation (11) often evaluated. 

Criteria for the v’, vw’ assignments are: 

1. vy increases with decreasing v” in a v’” progression and with increasing v’ in a v’ 
progression. 

2. The intervals Av between successive bands of a progression decrease with 
increasing v’ or increasing v”, very nearly in arithmetical progression if Q heads 
or band origins are tabulated, and less nearly in arithmetical progression if R or P 
heads are used. 

3. A decrease of [ is accompanied by an increase of wo, and vice versa; hence, 
if the bands degrade toward the infra-red, I’’<(I’, wo’’ >wo’, and the above 
intervals Av are larger in a v’’ progression than in a v’ progression; the reverse is 
true if the bands degrade toward the ultra-violet. 

4. As a consequence of (1) and (3), along a sequence v’ and v’’ increase in the 
direction in which the bands degrade. 

5. When the directions of increase of v’ and v’’ are thus settled, their values 

are decided by the sudden cessation of a v’’ progression (say v’=0 or 1) at its low-v 
end, and of a v’ progression (say v’’=0 or 1) at its high-v end; the test is applied 
by verification of the entire absence from the spectrogram of bands whose »’s 
are sg by extrapolations beyond the top row and left-hand columns of the 
above table. 
_ 6. If the bands have measurable Q heads, in bands degraded to the red the 
interval vg phead—¥Q head increases with diminishing v’ along a v’ progression and 
with increasing v’’ along a v’’ progression, and in bands degraded to the violet 
0 head—’P head Gecreases in these directions. These facts, which follow from 
equations (7), (8), and (9), are more useful in the recognition of Q heads than as 
evidence for the v’, v’’ assignment. 


———_ 





| For the observations which we have made on the spectra of scandium, yttrium, and lanthanum mon- 
: ides, there is however, a definite and systematic departure from the wy = of formula implied by the term 
AY + 8) (e 4 4). We plan at a later time to make observations on the positions of the band origins, to 
telermine the causes of this discrepancy. 
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7. The distribution of intensity among the bands of a system is normally of 
the type in which a progression (say v’=4 or v’’=4) has two intensity maxima 
separated by a minimum, and the locus of all the maxima is a curve of nearly 
parabolic form (the Franck-Condon parabola) such that (a) its axis approxi- 
mately coincides with the 0 sequence, and represents a rapid decline of intensity 
from a maximum to zero; (b) if the change J’’—J’ or wo’’—w’ is very smalj 
its vertex coincides with the 0,0 band (which is the strongest of the system), 
and its two limbs are close to one another and to the 0 sequence (which is the 
strongest, if not the only, sequence present); (c) as the change J’’—I1’ or w,''— 
wo’ increases, the vertex of the curve recedes from the 0,0 band, and the Jimbs of 
the curve become wider apart; thus the wide curve of maxima which characterizes 
a large change cuts the 0 sequence not at the 0,0 band, but at a higher v’, v’’ band. 

8. The vibrational isotope effect, if present and precisely measurable, furnishes 
an absolute check on the v’, v’’ numeration and is, in fact, the experimental 
evidence for the use of (v+%) instead of v in the vibrational energy terms in 
equations (2), (3), and (11). 

As a result of the analysis of different band systems of the same molecule, and 
as a demonstration of the Ritz combination principle as applied to band spectra, 
it is frequently found that a given electron level (recognized usually by its asso- 
ciated vibrational energies, and less often by the moment of inertia Jo and inter- 
nuclear distance 7» for that state) is involved in two or more systems, either as a 
common initial state, or as a common final state, or as the initial state for one 
system and the final for another. Thus, in the ‘‘red”’ and “‘violet”’ systems of 

N, the band origin equations (3) have common values of w9’’ and wy ’’ 2’, 
indicating that the final electronic state for each system has a common set of 
vibrational energy levels. In the spectrum of CO there are,about 9 systems 
involving only 11 electronic states, the final state for the visible Angstrom system, 
for instance, being both the initial state for the extensive ultra-violet ‘‘four‘h 
positive’ system, and also the final state for another system; while for CO* (as 
also for B'O and BO) there are 3 known systems with only 3 electronic states, 
In spectra containing many known systems, for example, H2 and He», the system 
origins form series of the Rydberg-Ritz type already well known in atomic line 
spectra. 

A certain correspondence exists between the spectra and electronic states of 
many of the lighter molecules and those of the atoms containing two less extra- 
nuclear electrons, and it is inferred that in the molecule each atom retains its 
own K electrons, while the remaining electrons form an outer configuration 
similar to that in the comparable atom. Thus corresponding to the 11-electron 
atom Na, which has 2K, 8L, and 1M electrons, each of the 13-electron molecules 
BeF, BO, CN, CO+t, N2* contains, besides its 242K electrons, 9 outer electrons 
which are regarded as an outer structure of a group of 8 electrons, together with 
1 outermost or valence electron. Similarly, the 21-electron molecules, Mgf, 
AlO, SiN, have, like the 19-electron atom K, 8+8-+1 electrons outside the K 
electrons and the nuclei, and are thus also ‘‘one-valence-electron”’ molecules. 
Again, CO and N; (14 electrons) are, by comparison with Mg (12), ‘‘two-valence- 
electron” molecules. 

Aided by this correspondence, detailed theoretical study of the fine structure 
of bands of different types has led to the classification of molecular electronic 
levels into singlet, doublet, triplet, . ... levels, and into types which are to 
some extent analogous to the term-types S, P, D, F already known in atomic 
spectra. Asin the case of atoms, the electronic levels of odd and even molecules 
have even and odd multiplicities, respectively. The molecular electronic 
levels were until recently designated by the same capital letters, but it is some- 
times necessary to discuss the electronic levels of molecules in relation to those 
of their constituent atoms, and to indicate the differences between the two types 
of levels the above letters are now reserved for atomic levels, and 2%, I, A, ® are 
used for molecular levels. 

This new notation also serves to emphasize the fact that the electronic levels 
in the two cases are not completely analogous. While transitions between 
similar states; for example, SS, P— P, are never found in atomic spectra, such 
transitions as 2— 2, D—T, are frequently represented in molecular spectra. 
Thus, the normal and lowest two excited states are 2S, ?P, 28, respectively, for 
Na (11) and K (19), and 22, 211, 22, respectively, for the 13-electron and 21-electron 
molecules already mentioned; and in the CN spectrum, for instance, the ‘‘red 
system is attributed to the transition *II>*2, and corresponds to the Na yellow 
doublet ?P—2S, while the ‘‘violet’”’ system is due to 22-22 (the final state being, 
as for the “‘red” system, the normal 22 state) and has no corresponding line 
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90528 in the Na spectrum. Again, three band systems which are well known 
‘, laboratory and stellar spectroscopy, namely, the “‘second positive” of N2, the 
swan system of C, and the blue-green (Antarian) system of TiO, are each attrib- 
uted to a transition *1I-*II, which has no counter part *P—*P in atomic spectra. 


II. EXPERIMENTAL 


The spectra herein described were produced in electric ares between 
silver electrodes with some salt of the element under investigation 
placed on the lower electrode. The silver electrodes were rods of 
"mm diameter, and the are was opérated on a 220 volt d. ¢. circuit 
with the current limited to 5 or 6 amperes, because with larger current 
the electrodes were in danger of melting. Silver electrodes are 
preferred to carbon for the study of the spectra of rare and precious 
pure salts because the spectra of carbon impurities and the bands of 
carbon and of carbon compounds obscure much of the spectrum under 
investigation unless large quantities of the salts are used. 

The salts employed in this investigation were pure scandium oxide, 
yttrium chloride or yttrium oxalate and lanthanum chloride or oxa- 
late. When small quantities of these salts are fused and vaporized 
ina silver are they produce a distinct change in the color of the flame 
of the arc; instead of the green flame characteristic of silver one sees 
ared flame® in the first two cases and a white flame in the last. These 
changes in color are mainly due to the intense radiation of molecular 
spectra, the strongest bands of ScO and YO being in the orange and 
red, while strong bands of LaO occur in the blue, green, and red. 

The spectra were studied with 6-inch concave gratings of 211-foot 
radius mounted in parallel light so as to give stigmatic images.® 
Two gratings were used interchangeably in this mounting, one with 
7,500 lines per inch gave a dispersion of 10.4 A/mm in the first 
order and the other with 20,000 lines per inch gave a scale of 3.7 
A/mm in the first order. The first grating was used mainly in the 
red and infra-red regions; all the spectra in the region 3,000 to 
1,000 A were photographed in the first order of the second grating, 
and the ultra-violet, blue, and green bands of LaO were also photo- 
graphed with a scale of 1.8 A/mm in the second order of the last- 
numed grating. Wave lengths of the stronger bands in the ScO and 
YO have already been published in papers describing the arc spectra 
ofSe and Y, and these values are essentially unchanged in the present 
publication. In order to give a more complete description of the 
lecular spectra it was found necessary to make additional spectro- 
rams in which the stronger bands were greatly overexposed so that 
iainter bands could be recorded. This necessitated a revision of the 
arbitrary scale of estimated relative intensities. In the present paper 
complete lists of all measured band heads and more consistent esti- 
lates of relative intensity are presented. It should be remembered 
that the measurement of an unsymmetrical image, such as a band 
cad, is not susceptible of the same precision as the measurement of a 
harp symmetrical spectral line. If one attempts to measure the 
‘tarp edge of a band the wave-length value will depend on exposure 
me because of photographic spreading of the image. We have 
ined to measure the line of maximum density in the image and let 





‘ Meggers, B.S. Sci. Papers (S 549), 2%) p. 62; 1927. 
 Meggers and Burns, B, 8. Sci. Papers ($441), 18, p. 191; 1922, 
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such measurement represent the effective wave length of a band head. 
The probable error in the mean value of band heads measured in this 
way on different spectrograms is usually less than 0.05 A, so that we 
feel justified in retaining the second decimal place for such values, 
Occasionally the rotation structure of another band or a line charg. 
teristic of atomic spectra may nearly coincide with a band head; jy 
such cases systematic errors in the wave lengths and intensities o/ 
the latter may occur. Although it is possible, by choosing the proper 
conditions, to excite atomic spectra without the molecular spectra, jt 
is unfortunately impossible to do the reverse. The molecular spect 
are no doubt relatively more intense in the outer flame than in the 
core of the arc, but even in the flame the molecular dissociation and 
atomic excitation are so great that all easily excited arc and spark 
lines are present. 

The spectra dealt with in this paper are so complex that the fine 
structure of the individual bands has not been sufficiently well 
resolved to permit analysis of the rotation energies. Even in the 
second order spectrum of our largest grating (dispersion 1.8 A/mm, 
resolving power 150,000) the rotation structure of the blue LaO bands 
was not satisfactorily resolved, although the doubling of the band 
heads was clearly shown. For the present we are, therefore, con- 
cerned only with the measurement of band heads and their classifica- 
tion in various systems resulting from transitions between various 
vibrational levels of initial and final electronic states. 

Typical sequences in various systems of bands in the ScO, YO, and 
LaO spectra are reproduced in Figures 1, 2, and 3, respectively. 


III. RESULTS 
1. SCANDIUM MONOXIDE 


About 60 band heads appearing in are spectra of scandium were 
previously measured by Fowler and by Eder and Valentaé.! Exam- 
ination of our spectrograms has revealed 139 band heads; their wave 
lengths, estimated relative intensities, and vacuum wave numbers are 
shown in Table 1. The wave lengths of 92 of these bands were pub- 
lished by Meggers ” several years ago. All of the observed bands are 
degraded toward the red. The complete molecular spectrum ha: 
been divided into five systems, one of which extends from blue to 
green and the remainder overlap one another in the orange and red. 
The first attempt to analyze the ScO bands was made by Kayser * in 
1912, and we find that his identification of the main sequences among 
the orange and red bands is correct. More recently Mecke ant 
Guillery * published a system of bands, but it appears that they used 
parts of two different systems. Our analysis of these bands 1s pre- 
sented in Table 2, where the wave numbers, intensities, and difler- 
ences between progressions are shown. If the wave numbers corte 
sponded to band origins instead of heads the differences would be 
expected to be constant and would represent the separations 0 
vibration levels in the initial and final electronic states. 


1¢ Fowler, Phil. Trans., A 209, p. 47; 1908. 

11 Eder and Valenta, Wien, Ber., 119, Ila, p. 519; 1910. 

12 Meggers, B. S. Sci. Paper (S549), 22, p. 61; 1927. 

18 Kayser, Handbuch der Spectroscopie, 6, p. 454; 1912. 
1¢ Mecke and Guillery, Physikalische Zeitschrift, 28, p. 5 
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TaBLE 1.—Band heads in the spectrum of scandium monoxide (ScO) 
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TABLE 1.—Band heads in the spectrum of scandium monoxide (ScO)—Cop, 
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Band Spectra of ScO, YO, and LaO 


The first analysis indicated the presence of only three red systems, 
i], 1V, and V. Faint traces of new bands in the blue led to longer 
xposures Which made possible the analysis of System I. These blue 
ands are distributed in a relatively large number of sequences, in 
ach of which the intensity of successive bands falls off rather rapidly. 
uch an intensity distribution is characteristic of electronic transitions 
n which there 1s a considerable difference between the mean molec- 
lar radii in the initial and final states. Two heads, separated by 
shout 1.4 em, were observed for a number of the blue bands. The 
yerage wave number of the two was taken in forming differences 
ith the wave numbers of bands having unresolved heads. 

Analogy with the four red systems of YO and LaO later indicated 
ie presence of a fourth red system in ScO. This system (II) is con- 
iderably weaker than the three other long wave-length systems, so 
rat many of its bands are probably hidden by the other systems. 

The tables of the ScO band heads and wave-number systems show, 
sdo those of YO and LaO to an even greater extent, a ‘combination 
leficit’”’ or variation with v’ of the difference between the v’’ vibration 
vel and v’’+1 vibration level. If this ‘combination deficit” is the 
ame throughout a band system, it gives, and in fact is equal to, @ 
mn band-head formula (11); but in all the systems analyzed in the 
resent investigation, as may be seen from the differences in the tables 
here given, the combination deficit definitely decreases with increasing 
“and (11) is accordingly inapplicable. 


2. YTTRIUM MONOXIDE 


The first extensive list of band heads occurring in yttrium spectra 
as published by Exner and Haschek '; they gave 43 bands between 
62.1 and 6,387.1 A. About 35 band heads were measured by 
tiess © and 50 by Meggers " in a new description of yttrium spectra. 
nger exposures have revealed a large number of fainter bands, so 
at we are now able to present in Table 3, data for 120 band heads 
haracteristic of the YO molecule. The structure of this spectrum is 
tikingly similar to that of ScO; analysis shows that it consists of five 
stems of bands, one in the blue and the others overlapping in the 
ellow, orange, and red. To the best of our knowledge no analysis of 
iy of these band systems has heretofore been published. Our anai- 
ow — in Table 4, which is constructed in the same manner 
s lable 2. 





* Exner and Haschek, Die Spectren der Elemente bei normalem Druck, Deuticke, Leipzig; 1911, 1912. 
" Kiess, B. 8. Sei. Papers (S421), 17, p. 322; 1921. 
" Meggers, B, S, Jour. Research, 1, (RP12), p, 319; 1928, 
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TaBLE 3.—Band heads in the spectrum of yttrium monoxide (YO) 
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The bands in the blue systems of yttrium (I) have a head doubling 
of about 3.5 em. The bands of maximum intensity in this system 
are distributed in a wide parabola. Of the four red systems analyzed, 
Systems II and IV are considerably weaker than III and V, making 
it difficult to identify with absolute certainty any but the bands in 
their zero sequences. In general, the zero sequences are longest and 
strongest in all of the YO band systems except System I in the blue, 
where, as already stated, the intensity maximum follows a wide parab- 
ola. This distribution of intensity in the red systems as compared 
with the blue indicates a smaller change of vibration frequency and of 
moment of inertia in passing from the initial to the final state of the 
molecule. System III exhibits a remarkable intensity anomaly 
in one of its v’’ progressions, »’ =6. The 6,6 transition has only 
about one-third its expected intensity, and the other transitions involv- 
ing the same initial state are also affected. A still more striking 
intensity defect occurs in the v’’ progression, v’ =7,in System V. The 
relative number of molecules in these particular initial states must 
be greatly depressed by some disturbing force, but the exact nature of 
this force is still unknown. 


3. LANTHANUM MONOXIDE 


An exceedingly complex spectrum is emitted by the LaO molecule, 
and it has been a serious obstruction in making a complete description 
of the La; spectrum produced in the ordinary arc. <A few of the 
stronger sequences in the blue and yellow were known "* in 1905, and 
two groups in the red were listed ' in the Tabelle der Bandenspectra 
in 1912. No further data were published until 1921, when Kiess ”° 
reported waves longer than 5,500 A. In 1929 Auerbach *! gave the 
wave lengths for two groups in the infra-red. This accumulation of 
data was analyzed by Mecke ~ who resolved it into seven band 
systems having 0,0 heads at (I) 4,372 A, (II) 4,418 A, (IIT) 5,600 A, 
(IV) 7,380 A, (V) 7,404 A, (VI) 7,877 A, and (VII) 7,910 A. All of 
the bands in these systems are degraded to red. In the meantime 
the spectrum of LaO was being studied also by Jevons *, who pub- 
lished wave lengths for about 250 band heads, extending the seven 
systems analyzed by Mecke and suggesting an eighth system of bands 
in the ultra-violet, whose heads are shaded to shorter wave lengths. 
Under high dispersion the 0 sequences of Systems I and II have been 
observed ** to have double heads with a separation of about 0.5 em™'. 
We have confirmed this doubling and also observed it in the +1 
sequence of System II and in the stronger heads of System III. 
Similar doubling of heads has been reported by Auerbach * and by 
Querbach * for the 0,0 band of System VI and for the 0 and +1 
sequences of system 7. If all of the LaO bands are in reality double 
the total number of band heads in this spectrum will approximate 500. 








Kayser, Handbuch der Spectroscopie, 5, p. 667; 1910. 
Kayser, Handbuch der Spectroscopie, 6, p. 1036; 1912. 
* Kiess, B. 8S. Sei. Papers (S 421), 17, p. 324; 1921. 
\uerbach, Naturwissenschaften, 17, p. 84; 1929. 
Mecke, Naturwissenschaften, 17, p. 86; 1929. 
Jevons, Proc. Phys. Soc. London, 41, p. 520; 1929, 
Oknbu, Tohoku Univ. Sci. Rep., 11, p. 95; 1922. 
\uerbach, Naturwissenschaften, 12, p. 84; 1929 
Querbach, Zeitschr. f. Phys. 60, p. 109; 1930. 
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Our observations and analvsis of the LaO bands agree for the most 
part with those given by Jevons. The differences may be noted as 
follows: The spectrographs which we employed gave from three to 
five times the dispersion used by Jevons, and we feel that on this 
account our measurements may be somewhat more accurate. By 
using plates sensitized in the laboratory instead of commercial 
plates we have been able to extend some of the sequences in the 
infra-red. We have occasionally found faint hazy lines appearing 
near the positions indicated by Jevons as band heads for the +2 and 
+3 sequences of System III, but, in general, we have been unable : 
confirm these sequences. Jevons listed 19 ultra-violet bands (3,457.1 
to 3,709.64 A) degraded toward the further ultra-violet, 8 of which he 
tentatively assigned to a new system, VIII. Only 13 of his bands 
were found on our spectrograms; some of these are complex and others 
do not appear to be band heads, so that we are not able to confirm 
his analysis of this group. Between System III and IV, two new 
sequences of bans degraded to the violet appeared on our spectro- 
grams. We are unable to identify these bands with impurities and 
are, therefore, presenting them as characteristic of LaO with a sug- 
cestion that they represent the P and Q heads of a new system, IX. 
No other sequences have been observed in this system, but this m: ay 
be due to the fact that, compared with the average intensity of LaO 
bands degraded to red, those observed with violet degradation ave 
extremely weak. 
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TaBLE 5.—Band heads in the spectrum of lanthanum monozide (LaO)—Conid, 


| Inten- | yeaccm! | System and Inten- 
| sity — v’, vo” =» sity 


| Sclinesnnd Maas 


| 
7,275.40 | 13, 741. ¢ IV 10,9 7, 947. 20? 
7, 289. 22 | 715.1 | V 10,9 3. 98 2 
7, 308. 40 : 679.1 | 
22. 04 653. 6 
41.3 617.8 


A EAs vvac cm ! System and 








54. 90 592. 

74. 80 556. 

79.8 : 546. 
7, 387. 531. § 
7, 403. ‘ 503. 


11. 34 
34. 3 
42. 9: 
65. 2: 
vi) 


dee t 





n 


74. 8 
7, 496. 


z 








= a 
on = —) 
1 a © 


om & 
m— O30 bt 


2 





wm OTe 


wo 
9 ee ee Be) 





ac 
Crm Oho 


OO wm bo 





7,6 | 
IV 9,9 | 
V18,7 | 
V 9,9 
VIL 8,7 | 


to 


Cr cr bo & 


IV 10,10 
VI9,8 | 
V 10, 10 
VII 9,8 || 

IV 11.11 


VI 10,9 
V 11,11 
VI 11,10 |} 
VII 11, 10 || 

IV 0,1 || 





— me COS 








wo 


nw 


wo 


VII 12,11 
IV 1,2] 


V10,0 


iv 23 
¥ ia 


VIL0, 





Vii 
fe & 
IV 


| 
. 46 124, 
Sl 323, 62 | 
100 12, 583. 4} 8, 600. 81 30 11, 623. 6 | 
1 Tay line at 7,539.24 13 Lar line at 8,086.10 A. 


A. 
1? Measured by Auerbach and by Querbach. 





Moggers] Band Spectra of ScO, YO, and LaO 


Wheeler 


TaBLE 5.—Band heads in the spectrum of lanthanum monoxide (LaO)—Contd. 
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Wave lengths, intensities, and vacuum wave numbers for the bands 
observed in ‘the LaO spectrum are given in Table 5, and the analysis 
into various systems is shown in Table 6. The values of infra-red 
bands measured double by Auerbach and by Quer bach are quoted to 
show that a constant separation of about 0.5 cm™! probably occurs in 
all of the band heads. The cause of this doubling is unknown. 4 
bands are shaded to red except those marked V, which are shaded to 
violet. 

By setting up formulas which approximately represent the band 
heads of the seven systems, and then comparing coefficients, both 
Mecke and Jevons have drawn certain conclusions as to the initial or 
final states held in common by the different systems. Thus Mecke’s 
conclusion that Systems ITI, ‘V, and VII have a common final state 
is approximately confirmed by Jevons, but Mecke’s suggestion that 
the initial state of I may be the final of IV is not accepted by Jevons, 
who holds that if these systems have a state in common it can only be 
the final of each. Similarly, while Mecke suggests that the initial 
state of IL may be the final of VI, Jevons believes that these two 
systems probably have a common final state. It appears to be 
impossible to settle these points without more accurate information 
as to band origins. 


IV. DISCUSSION 


In the ScO, YO, and LaO bands which we have investigated, the 
(probably) large discrepanci ies between the values of a’ , b’,a ’, and 5” 
in band head “equation (11) and the quantities wo’, wo’x’, wo’’, and 
wo’’x’’ in band origin equation (3) have precluded the possibility of 


unambiguous assignment of electronic states to the various systems. 


Band-origin measurements will make possible definite electronic level 
assignments, and will permit the accurate determination of molecular 
dissociation energies. Jevons and Pearce ” have suggested that there 
may be an analogy between the electronic levels of the ScO, YO, and 
LaO molecules and those of the K, Rb, and Cs atoms, respectively, 
arising from a sharing between the constituent atoms of the molecule 
all but each one’s own 2K and 8Z electrons, with the result that the 
atom corresponding to a given molecule should have 10 less electrons. 
If in accordance with this idea we interpret the four red sy Stems of 
each molecule as being the R and Q heads of 21,2, and II,- 
transitions, we may classify the systems as follows: 





R head of (0, 0) Q head of (0, 0) R head of (0, 0) Q head of (0, 0) 


Molecule band of *Iijg—*2s5 | band of ys—*214 | band of *Iyy—2235 | band of *Iis—*Ily 








Sc (21) O (8) (16,615 em-! 16,562 em-1__ 16,485 em-! 16,445 cm=. 
(System II System ITI. System IV. System V. 
Y (39) O (s)- _______}f 16,833 em! 16,741 em=!__ 16,398 em-! 16,303 em=', 
(System IT. System III System IV System V. 
La (57) O (8). f13,547 em-1__ 13,503 em=!__ -| 12,691 em=-!____- 12,638 cm-!. 
(System IV - System V System VI System VII. 




















| Approximate | Approximate 
Molecule R head— Q head doublet Analogous atom 
separations separations 


Atomic doublet IP .— 28% 
separations se 


Se (21) O (8) .| 47 em-1...... 124 cm=!_.. K (29)..---.-.-] 57.8 cm=-!_____.] 13,042 em 


Y (39) O (8)_-- a 94 emo!__......| 437 cm=!_._....] Rb (47) 236.0 cm=!__ 12,816 cm 














La (57) O (8)... 49 cm=!____ 860 cem=!______.| Cs (65)_.....-_| 553.9 em- _| 11,732 em- 





7” Proc. Phys. Soc. London, 41, p, 531; 1929, 
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Whether this classification has any reality is doubtful because of 
the large R head-Q head separations it implies; the approximate sepa- 
ration calculated from an empirical formula was only 10 to 20 ¢m7! for 
the four YO systems. Another argument to be brought against it is 
that Q heads should not show the large “combination deficit” present 
in Systems III and V of YO. 

It is known that the vibrational energy levels in a few electronic 
states of some molecules show marked deviations from formula (2). 
Considerable departures of this type are evident in the fourth, fifth, 
and sixth vibrational levels of the initial state of System I of YO. 
Also perturbations in intensity are evident in several cases; that is, 
bands arising from the seventh vibrational level of the initial state of 
YO System Th have about one-third the estimated intensity to be 
expec ted; the eighth vibrational level of the intital state of YO 
System V has about one-fifth the expected intensity; and the seventh 
vibrational level of the final state of LaO System V iI shows a we: aken- 
ing, although it is not much greater than the probable error in in- 
tensity estimates. 

The rotational fine structure of bands is in general, not so simple as 
is indicated in the introductory theory given above. In particular, 
the rotational fine structure of the monoxides of the elements in the 
third column of the periodic table of the elements may be expected to 
show complications arising from one outer nonvalence electron and 
from the interaction of its angular momentum, /, and its spin, s=11% 
with each other and with the rotational motion of the molecule and 
will give rise to 72, "II, , etce., terms. The theory of *2— II and 
‘I->°S combinations has been given by Mulliken.” According to his 
treatment, a number of different types of rotational structure may be 
expected in such transitions, varying from a situation where there are 
6 strong branches, showing four heads, and accompanied by 4 weak 
satellite branches, to a case where there are 12 strong branches. In 
the first case, where 4 heads are present, the first head should, in gen- 
eral, be the weakest. LaO System III shows exactly this behavior; 
the estimated intensities of the heads of the (0, 0) band at 5,600 A. 
proceeding in order from shorter wave lengths to longer are 50, 100, 
100, 200. An attempt to analyze the (0, 0) band was made, using a 
second order spectrogram taken with a dispersion of 1.8 A/mm. and 
a resolving power of 150,000. Two of three branches were traced out 
amidst the fine struc ture, but the complete analysis of the LaO rota- 
tional structure will require higher resolving power. The doubling 
is only 0.5—! in the presumable R and Q heads of System III; we have 
also measured the same doubling in Systems I and I, and Auerbach * 
and Querbach * have, in addition, found it in one band of System VI 
and in System VII. 

Systems I of ScO and YO, analogous to System III of LaO, differ 
from it in showing under our present resolutions only two heads. It 
is planned to carry out with higher resolving power fine structure 
analysis for all three molecules and to trace the variations in the 
rotational levels as the atomic number increases. 


WasHINGTON, October 6, 1930. 


: Mulliken, Phys. Rev. 32, p. 338; 1928. 
“ Auerbach, Die Naturwissenschaften, 1'7, p. 84; 1929. 
* Querbach, Zeitsch. f{. Phys., 60, p. 109; 1930. 
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PROBABILITIES OF RECOMBINATION INTO THE 1’S 
STATE OF CAESIUM 


By C. Boeckner 


ABSTRACT 


Measurements are made of the intensity distribution in the continuous emis- 

on band, appearing at the 1°S series limit of caesium, using a low voltage ther- 
nionie discharge in the vapor as a source. The wave-length range covered lies 
etween the series limit 3,184 A and about 2,750 A. The methods of photo- 
raphie densitometry are employed and a tungsten strip lamp in quartz is used 
<a comparison source. 

From the variation of intensity with wave length and the velocity distribution 
{the discharge electrons (obtained from probe wire measurements) are computed 
he relative probalities of recombination of free electrons into the 12S state as a 
unction of their initial velocities. The method is that given by Mohler and 
boeckner. Previous work has shown that the probability of recombination into 
e 2P and 3?D states of caesium varies approximately inversely as the square 
{the velocity of the free electron, a relation which is also predicted by quantum 
mechanics for recombination into any Jevel of a hydrogen atom. The present 
ueasurements show that the probability of recombination into the 1°S caesium 
vel falls off much more rapidly with the velocity; for electron energies greater 
jan 0.15 volts, more nearly as the inverse fourth power. 

From the probability of recombination with the emission of light, a thermo- 
ynamical relation given by Milne enables one to deduce the probability of the 
inverse process, namely, the absorption of light and the ejection of a photoelectron. 
his latter probability has been measured directly as a function of wave length 
vy Mohler and Boeckner and by Lawrence and Edlefsen. There are some 
liscrepancies between the measurements of these different workers. It is found, 

wever, that the absorption wave-length curve deduced from recombination 
robabilities lies between the two curves obtained by direct measurement, and 
grees With either within the experimental error, 
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I. INTRODUCTION 


The continuous emission band appearing at the head of a spectral 
ies has been frequently observed in the laboratory.’ It is generally 
sribed to the recombination of free electrons possessing various 
nounts of kinetic energy into the ground level of the spectral series 





'B eons, Comptes rendus, 184, pp. 1002 and 1320; 1927. Paschen, Berl. Ber., p. 135; 1926. Herzberg, 
in d Physik, 84, p. 565; 1927. Mohler, Phys. Rev., 34, ?. 187; 1928. 


30894°—31 7 277 
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which it accompa unies. It follows from this picture of the phenomeno) 
that the frequency of the emitted light is given by the quantuy 
relation 

y=hy(l) + % me (1) 


where v is the frequency of the emitted quantum and Av its energy, 
v(l) the frequency of the series limit, hv(l) the energy emitted if the 
electron combined from rest, and \ mv is the kinetic energy of t! 
free electron. 

lt also follows that the intensity distribution in the continuoy 
spectrum is that given by equation (2) 

J(r)dd/hv = N-(v). N.*0.q(v).dv (9 
The right-hand side is the number of collisions per second between 
electrons of velocity v and density N~(~) with ions of density N 
(considered at rest) which results in recombination, q(v) is the 
“effective cross section” of the ion for capture of electr ons of velocity 
v. The left-hand side is the number of quanta radiated per second 
having the energy hv and the wave length range dd corresponding ts 
the velocity range dv. 

It is seen from equation (2) that if measurements were made of 
J(x) and if the velocity distribution N~(v) of the electrons in the 
discharge tube were known it would be possible to compute relative 
values of g (v) as a function of the electron velocity. With this end 
in view, Mohler and Boeckner? have measured the intensity dis- 
tribution in the continuous spectrum appearing at the head of the 
2?P and 3°D series of caesium. The source used was a low-voltage 
thermionic discharge in caesium vapor. Simultaneous measurements 
of the current voltage characteristics of a probe wire placed in the 
discharge enabled them to determine the electron velocity distribu- 
tion.’ The g(v) for recombination into the 2’P and 3°D caesiui 
levels which they obtained is as follows: 


1 
q (v) x Per 


This relation agrees essentially with that predicted by quantw 
mechanics for recombination into any level of a hydrogen atom.* 

It is possible to deduce from the probability of recombination with 
emission of light the probability of the inverse process, namely, tha‘ 
of the absorption of light and the ejection of a photo-electron. The 
relation between these quantities (equation (4)) has been deriv ed by 
Milne ° from thermodynamical considerations and the aed of 
the detailed balancing of reversible events in thermodynamic: 
equilibrium. 


qv) « K(v)P/v 


K(v) is here the atomic absorption coefficient for wave lengths 1 
the region of photo-electric absorption. The K(v) for the 2°P ant 
2 Mohler and Boodk: 1er, B. S. Jour. Research, 2, p. 489; 1929 
According to the probe wire theory of Langmuir, the form of the eharacteristics obtained showed 
the electrons had a Maxwellian velocity distribution. 
‘ Stuekelberg and Morse, Phys. Rev., 36, p. 16; 1930. 
6 Milne, Phil, Mag., 42, p. 209; 1925. 
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»“T) states as deduced from equations (3) and (4) is given in the fol- 
q 


jowing equation: 
K(v) og p74 (5) 


The absorption coefficient in the region of continuous X-ray absorp- 
“on varies as v~* as does also (approximately) the absorption coefficient 
derived from the quantum mechanics for the hydrogen atom. 

The photo-electric absorption from the 2?P and 37D caesium levels 
an probably never be measured. The absorption from the 1°78 
level has, however, been studied quantitatively by measuring the 
ionization current produced by light on the short-wave length side of 
the 128 limit. Although there are some discrepancies between the 
measurements in the two papers quoted, they both agree in giving an 
absorption coefficient which falls off much more rapidly with the 
wave length than is indicated by equation (5). The q(v) deduced 
from the absorption coefficient falls off approximately as the inverse 
fourth power of the electron velocity rather than as the second power 
asin equation (3). It is seen, therefore, that as far as recombination 
or the photo-electric effect is concerned the 2?P and 37D caesium 
levels behave like a level in the hydrogen atom, while the 1°S level 
is quite anomalous. 

The measurements in the present paper were undertaken with the 
view of ascertaining if recombination probabilities into the 17S level 
as determined directly were also anomalous and if they would be 
quantitatively consistent with the photo-electric experiments. It 
was thought that an agreement between the two types of measure- 
ments would serve as an interesting verification of the principle of 
detailed balance and would also confirm the various assumptions on 
which the method of obtaining recombination probabilities is based. 


Il. METHOD 
1. THE DISCHARGE TUBE 


A low voltage thermionic discharge in caesium vapor served as a 
source. The discharge tube was of silica glass with a flat window of 
thesame material. The electrodes consisted of a cylindrical platinum 
anode and a concentric oxide coated platinum filament. The tube 
was evacuated and baked out, a small amount of caesium distilled in 
sowly and then sealed off from the pumps. The discharge was 
operated at an anode potential of 6 volts, a discharge current of 0.3 or 
(4 amperes and a caesium vapor pressure of about 0.07 mm. The 
latter pressure was obtained by keeping the tube at a temperature of 
190° C. in a furnace. 


1 THE PROBE WIRE MEASUREMENTS AND ELECTRON VELOCITY 
DISTRIBUTION 


A small copper probe wire about 0.5 mm in diameter and 3 mm 
long was placed in the discharge near the point of observation. A 
plot of the logarithm of the electron current to the probe against the 
probe potential usually yields a straight line in the type of discharge 
sed. This type of characteristic shows according to Langmuir? 





ohler and Boeckner, B. S. Jour. Research, 3, p. 303; 1929. Lawrence and Edlefsen, Phys. Rev., 34, 
1990 


Mott-Smith and Langmuir, Phys. Rev., 28, p. 727; 1926. 











280 Bureau of Standards Journal of Research [Von 
and his coworkers that the electrons have a Maxwellian velocity 
distribution and that the most probable energy of the electron in 
volts (Vo) is —~ by the slope of the line (if natural logarithms an 
used). The N~(v) of equation (2) is therefore given by the May. 
wellian law of velocity distribution 


" —1 me? -Vv 
N-(ve) dv« Pe sind v=ve dv (6) 


where V is the energy of the electron in volts. 

Unfortunately the particular probe wire used did not give very 
reproducible characteristics, the values for V») obtained seemed to 
cluster about two values, namely, 0.18 and 0. 29 volt. The behavior 
suggested that the wire was cov ered with an unstable caesium layer, 
which caused erratic variations in its contact potential. 

The V, used, however, to compute N~(v) was obtained from mea- 
surements of the intensit y distribution in the 2?P continuous spectrum, 
As will be pointed out later, a plot of the number of quanta emitted 
per unit wave length range against the wave length expressed in volts 
should yield a straight line, the slope of which gives the most probable 
electron energy. The V, obtained by this method (0.22 volt) did not 
vary by 5 per cent during the series of measurements. This proce- 
dure was thought acceptable, since it was based on a large number of 
intensity and probe wire measurements in previous work. 


3. THE INTENSITY MEASUREMENTS 


The methods of photographic densitometry were used in the 
intensity measurements, a tungsten strip lamp i in quartz serving as 
the comparison source. A Hilger #, quartz spectrograph was used 
to resolve the light, and achromatic lenses to focus the discharge on 
the slit. Eastman 33 photographic plates were selected because of 
the freedom from fog and the good sensitivity. The density of the 
negatives was measured with a photo-electric densitometer. 

The tungsten strip lamp consisted of a polished tungsten strip in 
an evacuated silica glass bulb with flat windows. It was calibrated 
in terms of its true temperature. Though the emissivity of tungsien 
in the ultra-violet has not been measured beyond 3,400 A, there 1s 
little doubt that its variation in the wave-length range, 4 000 to 2,750 
A, is relatively small. A review of the data by F orsythe ‘and Christi- 
son * indicates that the variation between the wave-length limits 
mentioned i is only 6 per cent. The variation in emissivity with tem- 
perature is only 1 per cent between 1,800° and 2,200° K. In view of 
other sources of error, it seemed best to assume constant emissivity 
and to compute the energy radiated directly from Wien’s law, using 
the true temperature of the tungsten. 

For long exposures with the strip lamp to calibrate the plate in the 
ultra-v iolet, a bromine cell of known transmission wes placed in front 
of the spectr ograph slit. The cell absorbed most of the light between 
4,500 and 3,700 A and prevented fogging. 


Due to the fact that the 12S recombination spectrum is one hundred 
times weaker than 2’P or 37D, it was necessary to take long exposures 





§ See footnote 2, p. 278. 
* Forsythe and Christison, J, Opt. Soc. Am., 20, p. 396; 1930 
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varying from 1 to 16 hours (depending on the spectral region meas- 
yred). For the shorter exposures the discharge and the comparison 
guree were given the same exposure times. ‘The 16-hour exposures, 
however, were compared with the 4-hour exposures of the strip lamp. 
There was probably no error caused by the failure of the photographic 
reciprocity law in the latter case, since the spectral distribution curves 
obtained by the two procedures were consistent in the wave-length 
region in which they overlapped. 

In the present measurements it was possible to use a simple pro- 
cedure in comparing the strip lamp and the discharge exposures due 
to the similarity of their spectral energy distributions. Wave lengths 
of the recombination spectrum \, were found which had the same 
density on the photographic plate as that of the tungsten strip at 
some other wave length A,. The intensity of the discharge spectrum 
J(\,) was then computed from the relation 


J(\,) is the intensity of the strip lamp at A, and D, and D, are the 
dispersions of the spectrograph at the two wave lengths. J(X,) 
was computed from Wien’s law and the true temperature of the 
tungsten. It was possible in this way to compute the energy dis- 
tribution in the recombination spectrum by means of one or two com- 
parison exposures. It may be remarked that the ordinary procedure 
of getting a large number of comparison exposures of graded intensity 
and thus obtaining a complete plate characteristic at each wave 
length would have been difficult in this work because of the long 
exposure times. 

This method assumes that the plate sensitivity, absorption of the 
optical system, etc., do not change between i, and },, an assumption 
which is largely correct since these two wave lengths usually differed 
by less than one or two hundred angstroms. Evidence for the slow 
change of absorption and plate sensitivity with wave length is given 
inthe following. An inspection of the work of Harrison,” and Jones 
and Sandick © on the characteristics of photographic plates in the 
untra-violet shows that the change in energy to produce the same 
photographic blackening at two wave lengths is always less than 7 
per cent in 100 angstroms, a change of the order of other experimental 
erors. Some control experiments were performed to verify these 
fcts under the conditions of the present work. Exposures of the 
ingsten strip lamp were obtained at two wave lengths such that 
wints of equal density lay about 500 A apart. It was found that 
lation (7) was satisfied to within an error of from 0 to 12 per cent 
per 100 A difference in wave length. The method outlined above 
vas therefore considered justified. 


4. THE OVERLAPPING OF THE 2°P SPECTRUM 


The most serious difficulty in the present measurements arose from 
the fact that the 2?P recombination spectrum, though its limit lies at 
000 A, has appreciable intensity at the 1°S series limit. It was 
therefore necessary to subtract from the measured intensity the frac- 
ton due to the 2?P recombination spectrum. The latter corrections 





“Harrison, J. Opt. Soc. Am., 11, p. 341; 1925, Jones and Sandick, J. Opt. Soc. Am., 12, p. 401; 1926; 
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were estimated by measuring the intensity distribution of the 2p 
spectrum from 4,000 A to the 12S limit (3,184 A) and extrapolating 
to shorter wave lengths. The analytical form for the intensity dis- 
tribution in the 2P continuous spectrum can be derived from equa- 
tions (2), (3), and (6). It has the following form 


V 
J 


ms 
AXS(A) KE VK € (8) 


W woes. V is the energy of the electron in volts and V is the frequenc) 
f the emitted quantum expressed in volts; that is, 


hv=eV=eV+hv(l) 








22. (No of quanta) 


















6p 
L4- 
I 
Lob mi 
limit ~ | 
3955 A ! ! 1 [areca 4 _{2408) 
32 34 36 3.8 40 4.2 44, 
Frequency i as electron volts 
Fig. 2.— Intensity distribution in the 2P and 128 recombination spectrum 


The extrapolation mentioned was performed by plotting log \XJ(\) 
against V and producing the straight line obtained to shorter wave 
lengths. 

It was found, however, that the overlapping was considerably 
reduced by taking the light from a region of the discharge tube as fs! 
from the cathode as possible. The expls wnation of this fact de pends 

upon the observation ' that the electron temperature and, therefore, 
the relative concentration of high-speed electrons decreases from the 
cathode toward the anode. The relative intensity of the recombi- 
vation spectrum far from its limit should, therefore, also decrease, 
‘ince it is due to the recombination of his gh-speed electrons. 





See footnote 2, p. 278. 
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FiGuRE 1, —Typical plate, showing several exposures of the recombination 


spectra and of the tungsten strip lamp 
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III. RESULTS 


Figure 1 shows a typical spectrogram with several exposures of the 
caesium discharge and of the tungsten strip lamp. One sees to the 
eft the very intense 27P rec ombination spectrum, then the lines of the 
S—m’P series seneiiahien a limit, and finally to the right the 
8S recombination spec trum. 

Figure 2 shows a plot of the intensity distribution in the continuous 
spectrum obtained from the measurement of a single plate. The 


» 


li :ature of the plot for the 22P spectrum is evident as well as the 


linear 
. 

















‘1G. 3.—Relative probabilities da recombination 
iroportional to the number of collisions per second which result in recombination. The 
1 is the energy Ba ee in volts.) 

J, recombin atic 1 probat s for the 12S caesium level. 

IT, rec ombins on pro babilit es for the 22P and 3?D caesium levels. 
ve 1/J, theoretical curve for recombination into a level of a hydrogen atom. 


nates 


lature of the extrapolation involved in estimating the intensity of th 


“fF spectrum beyond the 1S limit. 
in Kigure 3, curve /, are plotted the values of the recombination‘ 


probabilities » g(v) computed from the intensity measurements. [1 
‘seen to fall off much more rapidly with the velocity of the electron 
(azn it does for recombination into the 2?P level, curve JJ, or for 

mbina ition into a apts Seep » level, curve I/7. For energies 
weater than 0.15 volt, q(v) falls off as the fourth powe r of the v elocity 
ii agreement with the relation oad ted by Mohler, Foote, anc 


Chenault ” from the measurements of the photo-electric effect. 
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The similar measurements of Lawrence and Edlefsen would indicat, 
that the inverse fourth power law holds down to energies of 0.06 yol; 

[t can be shown, however, from equations (1) and (6) that, if th 
recombination spectrum intensity is to remain finite at the limit 
q(v) must vary as v~* for very small velocities. This conclusion has 
also been reached by Milne by use of equation (4) and the exper. 
mental fact that the photo-electric absorption coefficient remains 
finite at the limit. 
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Fiaure 4.—Relative photo-electric absorption coe ficients 
Z Ll 


N is the frequency of the light; N(/) the frequency of the series limit. 

Curve J, K for the caesium 1°S level deduced from recombination probabilities. 

Curve J/, same quantity from direct measurements of Lawrence and Edlefesn. 

Curve J/I, same quantity from direct measurements of Mohler and Boeckner. 

Curve IV, J for the 2?P and 32D caesium levels from recombination measurements. 

Curve V, K for the continuous X-ray absorption spectrum. (Similar to the theortetical curve for 4 hy: 
drogen atom.) 


The absorption coefficient (K) in the region of photo-electri 
absorption deduced from (4) is shown in curve J, Figure 4. Curves 
III and IJ are taken from the direct measurements of the same 
quantity by Mohler and Boeckner, and Lawrence and Edlefset, 
respectively. Curve J was obtained by computing a complete curv: 
from each of three plates, each plate containing two or more exposurts 
from the caesium discharge and several comparison exposures, #il 
averaging the ordinates of the curves. The average deviation of the 
separate curves from the mean was 12 per cent. The absorptlol 
curve of Figure 2 is regarded as agreeing with either of the direct! 
determined curves within the possible experimental error. It ms! 


ws 





12 Mohler, Foote, and Chenault, Phys. Rev., 28, p. 37; 1926. 
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be remarked that the absorption probabilities for sodium, obtained by 
Trumpy." from direct absorption measurements, also agree with 
the caesium results. 

IV. CONCLUSION 


The results obtained afford additional evidence that the method of 
obtaining recombination probabilities is sound and that the probe 
wire measurements give cor rectly the electron velocity distribution 
in a discharge. Evidence i is also given as to the truth of the principle 
of detailed balance in so far as it applies to the two inverse processes of 
photoionization and recombination. 


V. NOTE ON THE POTASSIUM 1’°S RECOMBINATION 
SPECTRUM 


Lawrence ‘* has shown that the photo-electric absorption in 
potassium has a maximum at the series limit 2,859 A, falls to a 
minimum and then rises to a much higher maximum at 2 300 A. 
The recombination probability as a function of the electron velocities 
should, therefore, show a like anomalous behavior. Measurements 
similar to the above were made of the potassium recombination 
spectrum to check this point. Owing, apparently to the high electron 
temperature, the 27P continuous spectrum completely overshadowed 
the 1S and made any measurements impossible. <A plot of the 
intensity similar to Figure 2 showed an unbroken straight line with no 
discontinuity at the 1 ‘8 limit as in caesium. 


WASHINGTON, November 21, 1930. 





% Trumpy, Zeit. f. Physik., 54, p. 372; 1. 
4 Lawrence and Edlefsen, Phys. Rev., 34, p. 1056; 1929. 
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REGULARITIES IN THE SECOND SPECTRUM OF XENON 
By C. J: Humphreys, T. L. deBruin, and W. F. Meggers 


ABSTRACT 


29 72/ 

been identified among lines observed in the Schumann region by Abbink and 
Dorgelo. The levels are separated by 10,540 wave numbers. This spectral 
term has been connected with others which combine so as to give lines in the 
visible Xezz spectrum, and the absolute values of the terms have been fixed by 
extrapolating series forming terms to their limits. The ionization potential of 
Xet is found from these spectroscopic data to be approximately 21.1 volts. 
A partial list of identified terms and their combinations is given. 


The ground doublet @Piy,.%) in the spectrum of ionized xenon (Xez;) has 


The neutral atoms of any of the rare gases, Ne, A, Kr, Xe, Ra, 
have, in the unexcited state, the configuration of a closed shell with 
two s and six p electrons, symbolized by s’p*, and, according to 
Hund’s theory,’ the spectral term which characterizes the normal 
state is a single level 'S,. The simple ions of these gases are charac- 
terized by the electron group s*p*, giving rise to an inverted doublet 
term *P°,,,., in the spectrum. This doublet term is of great im- 
portance in the structural analysis of rare gas spectra; because the 
terms representing the excited states of the neutral atoms arise from 
the interaction of the series electron with the s*p° group. With 
the exception of 'S,, all of the spectral terms involved in the produc- 
tion of the first spectrum of a rare gas result from the addition in 
turn of ns, np, nd, and nf electrons to the *P°,.,,,, term of the ion. 
These two levels are the convergence limits of all the term series 
thus obtained. The presence of two series limits in these spectra 
was first indicated by Paschen,? who found in his analysis of the 
Ne, spectrum that certain groups of terms converged to one limit 
while others converged to another one separated from the first by 
about 780 em. This displacement constant, A, was first inter- 
preted by Grotrian,’ who identified the two series limits as two dif- 
ferent states of the neon ion. A strictly analogous state of affairs 
has since been found to exist in the spectra of the succeeding rare 
gases, A,* Kr,> and Xe.® 

The results were collected’ for comparison in our paper on the 
oi appades of xenon and is repeated here for convenience in 
Table 1. 


. 





‘Hund, Linienspectren und periodisches System der Elemente, p. 144, Springer; Berlin, 1927. 
*Paschen, Ann. d. Phys., 60, p. 405; 1919; 63, p. 201; 1920. 

‘Grotrian, Zeitschr f. Physik, 8, p. 116; 1921. 

‘Meissner, Zeitschr. f. Physik, 27, p. 238, 1926; 39, p. 172, 1926; 40, p. 839, 1927. 

§ Meggers, de Bruin, and Humphreys, B. S. Jour. Research, 3 (R- P89), p. 129; 1929. 

° Meggers, de Bruin, and Humphreys, B. S. Jour. Research, $8 (RP115), p. 731; 1929. 

’ Meggers, de Bruin, and Humphreys, B, S, Jour, Research 8 (RP115), p, 731; 1929, 
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TaBLE 1.—Displacement constants and level separations in rare gas spectra 








—-. 


| | 
Neon | Argon Krypton | Xenon 


A=displacement constant 780. 0 1, 423. 20 | 5, 330+ Vide infra, 
Ee stnnineceiannamaet 782 1, 431 5, 371 (9621)? 
1s5—1s; 776. 90 | 1, 409. 92 | 5, 219. 90 | 9,129.24, 
Centers of gravity 3ps.. .10 .4-| 788 1, 451 5, 353 Vide infra, 





a 














Two years ago a preliminary note on the lowest doublet (?P°,,, ,) 
of the first spark spectrum of xenon was published by two of us! 
Extrapolating the separation of the lowest doublet of the spark 
spectra of the preceding rare gases an estimation of this separation in 
the Xe,, spectrum was arrived at, and examination of the data of 
Abbink and Dorgelo® in the Schumann region revealed a number of 
pairs of lines with wave number separations of 9,621 cm=!, which was 
then interpreted as the fundamental doublet separation. 

Shortly after this we completed our analysis of the Xe, spectrum 
and obtained some additional estimates of the doublet separation 
which should characterize the Xe,, spectrum. “On account of the 
very large separation of ?P°,,, . for xenon, it is impossible to find 
any but the first members of the non-Ritzian sequence npy, 2, ;, ;, 
since the second members would give negative term values. It is 
therefore, not possible to determine the displacement constant A of 
xenon from the series limits. However, an upper limit can be found 
from the distance between centers of gravity of the 2p5..1. and the 
2p;.4 groups. This upper limit has the value 10,540. The lower 
limit for this A is the 1s;— 1s, separation which amounts to 9,129.24.’ 
The doublet separation 9,621 mentioned above was regarded as being 
in satisfactory agreement with the two limits 9,129 and 10,540 just 
discussed, and this was accordingly assumed to be the correct separa- 
tion of the *P°,,, « levels of Xe,,. 

A little later we completed a new description of the spark spectra 
of xenon between the limits 2,230 and 8,716 A. The wave lengths 
and relative intensities of about 1,600 lines were observed and an 
analysis of the Xe,, spectrum in this interval was undertaken. No 
connection with the above-mentioned pairs of lines in the Schumann 
region could be found and it was concluded that the identification of 
9,621 as the separation of the Xe,, ground doublet was wrong. Further 
search among the extreme ultra-violet lines revealed another recurring 
difference equal to 10,540 cm™', identical with the upper limit of the 
*P°14, « Separation as derived from the distance between the centers 
of gravity of p-term groups in the Xe, spectrum. Pairs of lines with 
this difference in wave number were found to be separated by inter- 
vals which were repeated among lines in the visible spectrum of Xe* 
and the new difference was thus established beyond doubt as the 
sought for separation of the *P°,,, 4 levels of Xe+. The same separa- 
tion has recently been suggested by Kichlu " as the ground doublet 
of Xe,,; he gives eight pairs of lines in the extreme ultra-violet, but no 





8 Humphreys and deBruin, Sci., “P 573; 1928. 
®° Abbink and Dorgelo, Zeitschr. f. ysik, 47, p. 221; 1928. 

10 Meggers, deBruin, and Humphreys, B. 8. Jour. Research 3 (RP115), p. 737; 1929. 
1 Kichlu, Zeitschr. f, Physik, 64, p. 697; 1930. 
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satisfactory data for testing these with related lines in the visible 
spectrum were available to him. 

The systematic examination of the “‘constant differences” occurring 
in our data has led to the definite establishment of a large number of 
energy levels, The most probable identification of several of the 
terms on the basis of combination intensities and comparison with 
the similarly constituted spectrum of Kr* is suggested. The terms 
which may be theoretically expected are as follows: 


TaBLE 2.—Hlectron configurations and spectral terms for Xe 





. ; ™, see 
Electron configu Term limit’ P terms Term limit! D terms Perm limit! s 
ration terms 


s*ph 2p° 
s*p'.6s sp, ‘P 2D 28 
#4.6p 2G° 2P° 2° 19° «pe 4° 2P? 2])° 27° 2pe 
spt.5d 'p2),2F PDF 282P 2D JF 2G 2D 
$p'.6d 2p2D2F4P sD AF 2§2P2D2F 2G 2D 
sp'.78 ap, sp 2D 25 























Our complete list of indentified terms is reserved for a later publi- 
cation; a few of the most important ones are given in Table 3 where 
the electron configuration, term symbol, and absolute term value 
appear in successive columns. The highest term, ?P°,,,=171,067 is 
obtained as the approximate Rydberg limit of the s-electron series; 
it corresponds to an ionization potential of approximately 21.1 volts 
for the Xetion. 

Combinations of the terms in Table 3 are represented in Table 4 
by wave lengths and estimated intensities (in parenthesis) of the 
resulting spectral lines, and by their corresponding wave numbers in 
vacuo. The calculated wave lengths and wave numbers of permitted 
combinations in the accessible region which have not been observed 
are shown in brackets. Among 45 such calculated lines 35 are com- 
binations between terms of the doublet and quartet systems and such 
intersystem combinations are, in general, much weaker than the 
intrasystem ones. 

In our investigation of the first spectrum of xenon ” the data of 
Abbink and Dorgelo in the Schumann region were examined in the 
hope of classifying the lines given by these authors asarc lines. Several 
of these lines, however, remained unclassified and it seemed very 
doubtful if they could be attributed to Xe;. Several of these lines 
are coincident with combinations of Xe;; terms and it seems logical 
to conclude that they are Xe, lines. We have, therefore, included 
them in the table of term combinations. 


4 Meggers, de Bruin, and Humphreys, B. S. Jour. Research 3, (RP115), p. 753; 1929. 








Bureau of Standards Journal of Research 


TasBLe 3.—Partial list of terms in the Xe,, spectrum 





Electron 
configuration 


sp 
s2p5 
sp® 
s’p*.68 
s?p*.6s 
s*pt.6s 
s*p*.5d 
s°pt.5d 
s*p*.5d 
stpt.5d 


spt.6s 


s?p*.6s 
s?pt.5d 


s°pt.5d 
8? pt.6s 


s*p*.68 
s*pt.6p 
24 Aa 
s-p*.Op 


3?pt.6p 


s?pt.6p 
8° p*.6p 
3*p1.6p 
8’ p*.6p 


*p!.6p 
8° pt.6p 


s°p*.6p 
3°p'.6p 


s°pt.6p 
s*p*.6p 
p1.7s 
s°p'.73 
s2p1.78 


s*p1.78 





s?p4.7s 
s?p*.68 


Series 
limit 

















Term symbol 








Term value 


171, 067 
160, 527 


80, 194. 
78, 000. 


76, 004. 


74, 210. 3$ 


75, 630. ¢ 


75, 671. 9: 
75, 035. 
75, 415. 
68, 269. 


66, 823. 
67, 104. 


65, 788. : 


64, 166. 


64, 162. 


59, 276. £ 


59, 109. 


57, 556. 2 


57, 395. 
57, 363. 


(?) 


50, 653. 
49, 012 


49, 439. 8 
46, 783. 


48, 481. ; 
47, 847. < 


(?) 
(?) 


38, 549. § 


37, 879. 


35, 905. + 


35, 997. 


Level differences 








10, 540 
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ern, Second Spectrum of Xenon 

The identification of the lines which belong to the Xe,, spectrum, 
as distinguished from those arising from higher stages of ionization, 
which appear along with the first spark lines in the discharge of a 
(Geissler tube placed in a circuit containing condensers and a spark 
cap, was effected in two ways. The first was the comparison of 
spectrograms made with and without inductance in the secondary 
circuit. The introduction of inductance has the effect of weakening or 
entirely suppressing lines arising from second and higher stages of 
ionization. On the other hand, first spark lines remain unchanged or 
may even be enhanced. The second source of information was the 
investigation of the spark spectra of argon, krypton, and xenon by 
L. Bloch, E. Bloch, and Déjardin.** From a study of the behavior of 
the lines in the electrodeless discharge, these observers have assigned 
each line appearing in their list either to the arc spectrum or to one 
of the first three ionization stages. The indentifications of all our 
classified lines which appear in the description by Bloch, Bloch, and 
Déjardin are in agreement with those which they have published. 

Reference should be made to an analysis of the second spectrum of 
xenon, included in a discussion of the spectra of monatomic gases, 
published by Hicks ‘* in 1919. There is no correspondence between 
this analysis of Hicks and the one here proposed. 


Wasnineton, November 25, 1930. 





8 ,, Bloch, E. Bloch, and Déjardin, Ann. de Phys. (10), 2, p. 461; 1924. 
4 Hicks, Phil. Trans., A 220, p. 335; 1919, 
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THE RESISTANCE, OF CHROMIUM-PLATED PLUG GAGES 
TO WEAR 


By Harry K. Herschman 


ABSTRACT 


An investigation of chromium-plated plug gages with particular reference to 
resistance to wear was made. Chromium was deposited on hardened 1.0 per cent 
carbon steel under varying conditions so as to produce what are commonly referred 
to as ‘“‘bright,” ‘‘milky,’’ and “‘frosty” deposits. The ‘‘bright’’ deposits were 
tested in both the lapped and unlapped conditions. The other two types were 
tested in the lapped condition only. he scratch hardness values of chromium- 
plate produced under these varying conditions were studied with a view toward 
seeking an explanation for the cause of differences in the rate of wear exhibited 

the various types of deposits. Metallographic examination of the plate 
showe .d the presence of strain lines or cracks on the surfaces of the plated gages. 
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I. INTRODUCTION 


The many inquiries received by the bureau in regard to the effects 
produced on the wear resistance of chromium plate by variations 
in the thickness of the plate, the rate of deposition, and the general 
character of the surface led to the following investigation of the 
resistance of chromium plate to wear. 

Previous investigations '? at the bureau on plug gages have shown 
chromium-plated gages to be superior in their wear-resistance to gages 
made of commonly used heat-treated steels. In these early studies 
the gages were tested in the apparatus shown in Figure 4 against 
(a) hardened 1 per cent carbon steel, (6) an aluminum piston alloy, 
and (c) pearlitic cast iron. The wear-tests reported in the present 
paper were. all made against the pearlitic cast iron. In order to 
permit a comparison of the recent with the former results, the data 
ior the early tests on cast iron are presented in Figure 1. These 
early results for chromium were all obtained with “bright” coatings 
the at had been ground and lapped. 


it French and H. K. Heevebandn, Wear of Steels with Particular Reference to Plug Gages, A. S. 
p. 683; 1926. 
tH J French and H. K. Herschman, Recent Experiments Relating to Wear of Plug Gages, A. 8.8. T., 


12, p. 921; 1927, 
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Chemical compositions of steels tested (per cent) 


Material Ee | si | y Al 


Nitralloy 0. 43 | 

High-speed steel_.._| . 75 

Stellite 2. 87 

High-carbon high- 
chromium iron 
alloy. __- 

Oil-hardening tool 
steel 











1.05 per cent carbon 
steel _. IES: 
Ball-race steel 























CHROMIUM PLATED STEEL (PLATE GROUND AND LAPPED) 


NITRALLOY 


i. HIGH SPEED STEEL. 


STELLITE 


HIGH CARBON - HIGH CHROMIUM ALLOY 


] "FILE HARD 
= HARDENING TOOL STEEL 


“FILE SOFT’ 
=| 


n es “FILE HARO 
> PER GENT GARBON STEEL 
a “FILE SOFT” 





A 
' 
v4 
< 
= 


























| | 

re) i2 16 20 24 

HOLES (IN TEN THOUSANDS) GAGED PER 0.0001” 
DECREASE IN GAGE DIAMETER 


Figure 1.—Results of wear tests reported by French and Herschman 





All tests were made against cast iron, in absence of nonmetallic abrasives, 
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Subsequently, McPharlin* reported that chromium-plated gages 
that are nearly smooth and free from scratches show better wear 
resistance than those with less smooth surfaces. 

In addition to the increased wear resistance, there are other 
advantages to be gained in the use of chromium for plating gages, 
the most notable of which are: (1) The avoidance of elaborate heat 
treatments; (2) the reduction of warping caused by heat treating; 
(3) the reclamation of worn gages by replating; and (4) the avoid- 
ance Or minimization of the dimensional changes caused by aging 
effects in master and close-tolerance gages. There are, however, 
limitations to the use of chromium plate, due to the fact that it 
can be applied uniformly only to simple forms unless special methods 
are used. The presence or absence of scratches on the surface 
of electrolytically deposited chromium will, in a large measure, 
be governed by the condition of the surface of the base upon which 
the chromium is plated. 

In the present investigation, the hardness values of the chromium 
plate produced under varying conditions were measured with a view 
to explaining the difference in wear values that were obtained. 
Metallographic examination of the coatings was made, with particu- 
lar reference to the strain lines or cracks on the surfaces of the plated 
rages. 


II. PREPARATION OF SPECIMENS 


The base material for all specimens was a 1.0 per cent carbon steel, 
quenched in water from 800° C. (1,470° F.) and tempered at 300° C. 
(570° F.). This treatment was designed to give a hardness of about 
50 to 55 Rockwell, ‘‘C”’ scale. The specimens were 1.25 inches (31.8 
mm) long by 0.749 inches (19.02 mm) in diameter. The diameters 
were finished to within 0.00005 inch (0.00125 mm) of the above 
dimension. Part of these specimens were lapped by hand and part 
by machine. The surfaces of the machine-lapped gages were excep- 
tionally free from scratches as observed with the naked eye. 

The chromium-plating bath consisted of an aqueous solution of 


the following composition: 
g per liter 
hhomn dota: (Gr@) .2 5). Soc 25 ons es. os esate eck 250 
Fe eee 2. 5 


‘L. M. MePharlin, The Relation of Finish to Life of Plug Gages, Am. Mach., 66 p. 775; May 12, 1927. 
‘ The machine-lapped bases were prepared through the courtesy of the Pratt & Whitney Co. 








Bureau of Standards Journal of Research 


TaBLp 1.—Electroplating data 
{Temperature of bath==45° C, (113° F.)] 





Plating | Measured thickness of | Appearance 


vecimen No. Current density time plate of deposit 





| 
amp./dm.? | amp./ft.? Minutes 7 Faresged 
10 93 i 1046 
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> Bob 
pass 


ors 


: . } { 140 
39 5 140 
11! ) 93 
: i j 93 


P29 DOE gn 
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te 











| 
| 
| 
| 


1 Copper plated 0.0001 inch before chromium plating. 


The gages were plated, one at a time, in a cylindrical glass jar 
about 6% inches (16 cm) in diameter by 9 inches (23 cm) wide. An 
anode of sheet lead was placed about the entire inner periphery oi 
the jar. The plating solution was maintained at a temperature o/ 

(113° F.) during the plating operation. The gages before 
plating were immersed for about 10 seconds in an electrolytic clean- 
ing bath which consisted of an aqueous solution of sodium carbonaie, 
sodium cyanide, and sodium hydroxide. The current was reversed 
for a few seconds when the specimen was placed into the plating 
bath, this procedure having been found to give better adherence of 
the deposit. The current density and plating period required for 
producing each thickness of plate are shown in Table 1. 

The specimens which were given very heavy deposits of chromium 
(Nos. 51, 52, 53, and 54) were plated under special conditions to avoid 
the “‘building-up effect” on the ends of the gages, which increases in 
magnitude vith increased thickness of plate. The device, shown in 
Figure 2, was used to offset the end effect. This consisted essentially 
of three gages in line, the center one being the gage for test and the 
two end gages merely auxiliary pieces to take the end effects de- 
scribed. As only one end of each gage was drilled and threaded, | 
was necessary to use an electromagnet as shown in Figure 2, to hold 
the ends of the gages together. This procedure proved very effectiv: 
in eliminating the end effects and in producing a uniform plate which 
was essential as these gages were to be tested in the condition « 


plated (unlapped). 
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Since the gages which were to be lapped were plated uniformly, 
no erinding was necessary prior to the lapping operation. Wood 
laps were used, as these permitted the particles of chromium which 
were removed during this procedure to embed themselves readily 
in the wood, and thus scratching of the plate was avoided. When 
east Iron and brass laps are used, abraded particles of chromium may 
often project from their surfaces due to inability to embed themselves 


Rar eeaNNIS 


pe AUXILLIARY GAGES ~. 
STRAPS LECLE 

GREE my OO Tf TWH 
SORISHH RISB, 


ELECTRO - MAGNET 
INSULATION BOARD_” 
























































PLATING BATH 


FiGuRE 2.—Device used for preventing ‘‘building-up effects”’ on ends of test gages 


completely, and may thus seriously injure the surface of the gage. 
The lapping compound consisted of a fine grade of emery, commer- 
cially used for fine finish lapping, suspended i in a mixture of kerosene 
and oil. The gages were lapped to within +0. 00005 inch (0.00125 
mm) of the desired diameter. 


TABLE 2.—Scraich hardness values of chromium plate 








| 
} Seratch 


hardness— 
width of 
seratch 1 


Plate thickness (as 


deposited) Type of deposit Treatment 


Specimen No. 


Inches X 
10r4 








mm 

0. 0056 
. 0058 
. 0074 
. 0074 


. 0198 
. 0191 . BHO) ie len ss) 
. 013 q ¢ fs Lapped 

. 013 5. i Ua.” OR. 


. 0165 EG A wa ntht eer. (eS 
. 0165 5 6 reer.” mea ee Bree MRED et | S407 

. 0145 5.7 | Milky_....-._- do 

. 0216 CO Peaake ae | See 





. 0096 
. OO81 3. 2 rig z a 
. 0071 8 er Rs tall hey, | 








1 These values are given to the closest 0.05.. 
* Heated to 300° C. (570° F.) for 24 hours before lapping, to remove occluded hydrogen, 
Copper plate 0, 0001 inch deposited before chromium plating. 
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III. HARDNESS TESTS 


Scratch hardness tests were made on a series of gages having 
chromium plate of varying thickness and appearance. The Bierbaum 
scratch hardness tester ® was used for this purpose. This device 
makes use of a sapphire, the point of which is the corner of a cube or 
a solid right angle and so mounted that the diagonal of the cube is 
normal to the surface to be tested with one edge advancing directly 
in the line of motion. The sapphire point is pressed against the 
surface of the test specimen under a 3 g load which is intended to 
steady the point and to provide pressure of the point against the 
surface of the test specimen. A light oil, such as watch oil, is applied 
at the point of contact of the sapphire with the specimen. The jewel 
remains stationary while the specimen is moved to produce the 
scratch. The width of the scratch is measured at a magnification 
of 500 diameters with a micrometer microscope. The results of these 
tests are shown in Table 2. In general, it may be said that the 
hardness did not vary with the thickness of the plate; nor did the 
variations in conditions of plating or the subsequent treatments such 
as heating for 24 hours at 300° C. (570° F.), appear to affect the 
hardness to any material degree. The hardness obtained for speci- 
mens 11 and 12, which were copper plated prior to being chromium 
plated, was higher (that is, the values were lower numerically) than 
the average results. However, the increase in hardness of these two 
specimens as compared with the values obtained on the other speci- 
mens was not much greater than the reproducibility of the measure- 
ments. The hardness of the “milky,” “frosty,” and ‘‘bright” de- 
posits appeared to be very similar. It is quite obvious that these 
tests, made on a cylindrical surface, may not be quite so reproducible 
as those made on a flat surface. 


IV. MICROSTRUCTURES 


The surfaces of all gages were examined after plating to determine 
the effect of thickness on the development of the so-called ‘strain 
lines” or cracks. It is generally agreed that large stresses are set up 
in the electrodeposition of chromium. These stresses evidently are 
the cause of the cracks shown in Figure 3, and reported by many 
previous authors.*’* It is of interest to note that the size of the 
granular areas, or what appears to be grains, increased with increased 
thickness of the chromium plate. Also the number of cracks within 
these apparent grains appeared to increase with increased thickness 
of plate. These characteristics may account for the decrease in 
adherence which accompanies an increase in thickness of chromium 
plate. 


5 Christopher H. Bierbaum, A Study of Bearing Metals, Trans. A. I. M. M. E., 69, p. 972; 1923. 

‘lL E. and L. F. Grant, notes on the Hardness and Structure of Deposited Chromium, Trans. Am 
Electrochem. Soc., 53, p. 509; 1928. 

7 E. M. Baker and W. L. Pinner, Protective Value of Chromium Plate, Soc. Auto. Eng., 28, p. 200; 1925 

* E. M. Baker and A. M. Rento, Porosity of Electrodeposited Chromium, Trans. Am. Electrochem. Soc., 
54, p. 337; 1928. 
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FIGURE 3. Micrographs of surfaces of the ‘‘bright’”’ de posit of chromium 
plate on hardened steel gages. (All specimens are as plated) 
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ai Thickness of plat 


| Magni- 
fication 


mm Inches 
A (26) 0. 00375 | 0. OOOLS «500 
B (24) . 0075 . 0003 < 500 
C’ (25) . 01275 . 00051 x 500 
PD) (23) . 01625 . 00065 <500 
FE (33) . 01950 . 00078 «500 
F (55) . 1125 . 0045 250 
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FIGuRE 4.—Gage wear tester 


The gage G is moved vertically in a split ring by means of piston P, sliding in cylinder C. The 
piston which is driven by motor M through reduction gears F, a connecting rod R and crank- 
shaft 7’ is threaded at its lower end to provide means for attaching test gage G. Motor N 
furnishes power which is transmitted through reduction gears //, sprocket wheel W, and chain 
U to rotate split rings. The contact pressure between the gage and split ring is obtained by 
springs L, acting through lever arms K. The holder for the split rings is in the form of a cup 
A, which holds the cooling liquid (1/13 N potassim dichromate used in these tests). The cups 
A are mounted on carriage Y which can be lowered for inserting and removing test gages. 
Counter Z records the number of gagings 
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TABLE 3.—Results of wear tests on chromium- eee Plug gages 


Chromium-Plated Gages 





| 


Thickness of 
chromium plate 
as deposited 


Thick ness of 
chromium plate 
as tested 


Total wear for 
32,000 gagings 
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loss of 
gages 
in 
milli- 
grams 


| Holes 
gages 
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mm) | 
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! The chromium plate was deposited on hardened 1.0 per cent carbon steel. 
? Heated to 300° C. for period of 24 hours before lapping to remove hydrogen. 
+0,0001 inch copper plate deposited before chromium plating. 


V. RESISTANCE TO WEAR 
1. TESTING PROCEDURE 


The tests for wear resistance were made on a special gage-wear 
tester shown in Figure 4 which was designed and constructed by the 
bureau. This is essentially a machine for repeatedly inserting plug 
gages into split rings, which represent the material to be gaged. An 
accurate control of the important variables which affect the rate of 
wear, such as pressure between the gage and the work, the presence 
or absence of abrasives, lubricants, etc., can be obtained with this 
machine as well as control of the metals from which both gages and 
inaterial to be gaged are made. This machine was designed so that 
its operation would simulate closely the service operation of a plug 
gage. The split rings were made of “pearlitic” cast iron which was 
selected because of its high abrasive action on most materials against 
which it is used. A constant pressure of 22 lbs./in.? (1.5 kg/cm?) was 
inaintained between the gage and ring and all tests were made under 
conditions of “‘metal-to-metal” wear. A 1 per cent solution of potas- 
sium dichromate was used to prevent “filming” due to oxidation of 
the gages and rings. A complete test on a gage consisted of 8 runs of 
4,000 gesings each. The loss in weight and decrease in diameter 
were determined after each run. Similarly the losses in weight of 
the rings were noted. 
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2. RESULTS AND DISCUSSION 


The results of the wear tests are listed in Table 3 and showy 
graphically in Figure 5. The values used in Figure 5 were computed 
on the basis of the number of holes gaged for a reduction in diametey 
of the gage of 0.0001 inch, in order to give a standard basis of com- 
parison for the various gages tested. 

Although gages 21 and 23 appear to be decidedly superior to all 
other gages tested, it should be realized that these values are com- 
puted from very small changes in diameter. Thus, the average total 
loss in diameter of gages 21 and 23 was 0.00001 inch, while on gages 
37 and 39 the average total loss was 0.00002 inch. As these losses 
approach the limit of accuracy of the measurements, the relative 
differences in wear may not be so great as appears. 
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Fiaure 5.—Results of wear tests on chromitum-plated plug gages 


The unlapped gages showed considerably lower resistance to wear 
than did the lapped gages. The resistance of the unlapped gages to 
wear decreased as the thickness of chromium plate was increased. 
The inferiority of the unlapped gages can be accounted for by the 
“peaks” or low undulations, microscopic in character, which develop 
as the plate is deposited. These ‘‘ peaks” or wave-like surfaces, which 
are readily observed under the microscope, become more pronounced 
as the thickness of plate is increased. It can readily be seen that such 
a surface will wear more rapidly than an initially smooth surface, or 
one from which these irregularities have been removed by lapping. 

t will also be recalled that the cracks in the deposit increased with 
increased thickness, which indicates that the internal stress increased 
as the plate thickness was increased. The greater the internal stress, 
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the more readily will failure occur when external stress is applied. 
Hence, the heavier deposits would be expected to offer less resistance 
to the tearing off of particles than the thinner deposits. The experi- 
mental results have shown that this actually takes place. 

The ‘“‘frosty” and ‘‘milky” deposits of chromium plate (lapped) 
show higher resistance to wear than the “bright’’ deposits (lapped). 
The ‘‘milky”’ and ‘‘frosty’”’ deposits were tested in the lapped con- 
dition only. The “bright” deposits (lapped) appeared to give 
improved wear resistance when heated to 300° C. (570° F.) for 24 hours 
prior to lapping. This treatment, which is known to expel occluded 
hydrogen, reduces the brittleness of chromium plate and imcreases 
its toughness. This change would be expected to give increased 
resistance to wear.’ 

When a copper plate was applied prior to the deposition of “bright”’ 
chromium plate, the hardness of the chromium plate was apparently 
increased. Higher scratch hardness readings were obtained on such 
surfaces than on a similar plate applied directly to the steel base. 
This procedure also resulted in an improved wear resistance. This 
improvement indicates that the chromium deposited on copper was 
harder and tougher than that deposited directly on steel. Another 
possible advantage of the thin copper layer is that it might, by its 
appearance, facilitate the detection of the wearmg through of the 
chromium at any point. 

Referring to Table 3, it will be seen that the weight losses are not 
entirely consistent with the losses in diameter. This is due to the 
fact that the surfaces of the plated, unlapped gages are ‘‘wave like” 
as previously explained. When wear occurs, the tops of the undula- 
tions may be worn off, causing a large decrease in diameter without a 
corresponding decrease in weight. On the other hand, a deep scratch 
or a small chipping of the plate may cause a high weight loss and yet 
effect no change in the measured diameter. 

Comparison of the results of this research with those of the previous 
study, shown in Figure 1, indicates that although there may be 
relatively large differences in the wear resistance of chromium 
deposited under different conditions, practically all the chromium- 
plated gages are superior to any of the other gages used in the former 
investigation. The present series of tests, however, were not exten- 
sive enough to warrant eny general recommendation concerning the 
use of chromium-plated gages for ‘‘any and all’ purposes as a replace- 
ment of ordinary hardened steel gages. For example, the results 
obtained on plug gages may not necessarily be applied to thread, 
snap, or ring gages. Furthermore, the element of cost must be 
considered for each particular type of job. 


VI. SUMMARY 


1. A series of chromium-plated plug gages were tested for hardness 
and resistance to wear. The chromium deposits were prepared under 
varying conditions of current density, temperature, and time of 
plating. Some of the gages were lapped after plating, others were 
tested as plated. 





*A similar heat treatment has been recommended to increase the corrosion resistance of chromium 
oatings. R. J. Wirshing, Heat Treatment of Chromium Deposits to Increase Their Resistance to Cor- 
rosion, Trans, Am. Electrochem. Soc., 58; 1930. 
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2. Within the limits used in the chromium deposition, no materia] 
differences were observed in the hardness of the chromium plate 
deposited directly on steel. 

3. Microscopic examination revealed an increase in “strain lines” 
or cracks in the surfaces of the chromium plate with increased thick. 
ness of the deposit. 

4. The wear resistance of unlapped chromium plate decreased with 
increased thickness of the plate. 

5. The wear resistance of chromium plate which had been heated to 
300° C. (570° F.) to drive off occluded hydrogen and subsequently 
lapped, was greater than for plate similarly deposited and tae 
but not subjected to heat treatment. 

6. Chromium plate deposited under such conditions as to produce 
“milky” and “frosty” deposits, respectively, and subsequently 
lapped, showed somewhat higher resistance to wear than “bright” 
deposits of chromium which were also lapped. 

7. Gages which were initially copperplated and then chromium 
plated and lapped showed about the same resistance to wear as the 
gages with lapped “milky” and “frosty” deposits, but were superior 
to the gages with “bright” deposits applied directly to the steel. 
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COMPRESSIVE TESTS OF JOINTED H-SECTION STEEL 
COLUMNS 


By James H. Edwards, H. L. Whittemore, and A. H. Stang 


ABSTRACT 


Jointed steel columns consisting of various combinations of 10-inch, 12-inch, 
and 14-inch rolled steel H-sections, were tested in compression. Some of the 
tests were made with the axes of the columns in line and the others with the outer 
faces of both upper and lower columns in the same plane. Each combination of 
H-sections and column arrangement was tested with five bearing plates ranging 
in thickness from 1 inch to 4% inches using “low loads” giving an average stress 
not exceeding 8,500 lbs./in.? in the smaller (upper) column. Tests to failure and 
repeated-load tests were made on a few specimens. Strain-gage readings were 
taken on 2-inch gage lines on the columns and on 8-inch gage lines on the plates. 
The deflection of the bearing plates was measured. 

The stress in the web of the column was found to be greater than the average 
stress for the entire H-section. The highest ratio of web stress to average stress 
was at the level of gage lines in the lower column 3 inches below the bearing plate. 
A ratio of web stress to average stress of 3.10 was found for the 10-inch columns 
over 14-inch columns. The use of heavy 10-inch H-sections directly over 14-inch 
H-sections is not recommended. 

The stresses in the bearing plates were lower than those usually used in struc- 
tural design. The stress in the specimens having bearing plates more than 2 
inches thick was only slightly lower than for those having 2-inch plates, except 
for the specimens having heavy 10-inch H-sections over 14-inch H-sections. 

The ultimate compressive strength of the specimens tested to failure was 
approximately the same as that of a single H-section having the cross-sectional 
dimensions of the smaller H-section of the specimen and a length equal to that 
of the specimen, except for the specimen having a 10-inch H-section over a 14- 
inch H-seetion. 

No appreciable change in the stresses in the columns nor in the deflections of 
the bearing plate was observed after nine repetitions of an average stress of 
16,000 Ibs./in.? in the smaller (upper) column. 
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I. INTRODUCTION 
1. GENERAL 


The vertical members of steel-frame buildings consist of columns 
the length of which is usually equal to the height of two stories of th: 
building. The ends of these columns are finished in a milling machine, 
When in place in the structure, the end of the upper column bear; 
directly upon the end of the lower column. The ends of the columns 
are usually held in alignment by splice plates which extend across the 
joint and are riveted to both the upper and the lower columns. These 
splice plates, however, are not designed to carry any portion of the ] 
compressive load. At each floor level loads are transferred from the 
floor to the columns so that the lower columns carry greater loads than 
the upper and usually, therefore, have a greater cross-sectional ares. 
Where columns having an H-shaped cross section are used, it is 
desirable to have the same depth of section for the upper and lower 
columns. The greater cross-sectional area of the lower column is 
therefore obtained by selecting a section of the same depth as the upper 
column, but having a thicker web and wider flanges. The web and 
flanges of the upper column are then supported by the corresponding 
parts of the lower column and the distribution of stress at the joint i 
simple. 

In tall buildings the loads on the lower part of the building may be 
so great that to obtain the required cross-sectional area, the columns 
in the lower part of the building must be of a greater depth than t! 
in the upper part. At joints between columns of diferent depths, the 
flanges of the upper column are not supported by the flanges of the 
lower column. The axes of the interior columns are usually placed in 
line. The flanges of the upper column are then not in line with those | 
of the lower column. For exterior columns the outside faces of one 
flange of the upper and of the lower column are usually in the same 
plane. The inside flange of the upper column is then not supported 
by the inside flange of the lower column. If the web of the upper? j 
column is thicker than the web of the lower column it is not fully 
supported. These two arrangements of upper and lower columns are 
shown in Figure 1. 

When the depth of the upper column is less than that of the low er 
column, it is usually supported on a flat steel plate placed on top of the 
lower column. The plate transfers loads to the lower column from 
those parts of the upper column which without the plate would be 
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unsupported. In so doing, it is subjected to unknown bending stresses. 
The distribution of stress in the ends of the columns and in the plate is 
complex, and some of the stresses may be high. 
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Upper column indicated by cross hatching, lower column indicated by dashed lines. 


2. SCOPE OF INVESTIGATION 


This investigation was undertaken to determine experimentally the 
distribution of stress near the ends of the columns and in the bearing 
plates. The specimens consisted of two 3-foot lengths of H-section 
steel columns of unequal depth placed end to end with a flat steel plate 
between them. Compressive loads were applied in the direction of the 
wxes of the columns. The effect of differences in the depth of the 
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columns and their arrangement and of differences in the thickness o{ 
the bearing plates were also studied. 

As splice plates riveted or welded to the ends of the columns at the 
joint do not appreciably affect the distribution of stress in the columns 
and in the bearing plates, the results obtained may be used in design- 
ing column connections in which the ends of the columns are joined | by 
splic e plates. 

The investigation included tests under three types of loading, as 
follows: 

1. Tests under “low loads.” —Six specimens were tested with each of 
five thicknesses of bearing plates under “low loads” to determine 
the distribution of stress. 

2. Tests to failure —Four specimens were tested to failure to deter- 
mine the distribution of stress under high loads and the ultimate 
strength. 

3. Tests under repeated load.—One specimen was tested under nine 
applications of load to determine the effect of repetitions of load on 
the magnitude and distribution of the stress. 


3. METHOD OF LOADING 


The specimens were tested in the vertical hydraulic compression 
machine having a capacity of 10,000,000 pounds. A steel base plate 
was centered on the yn rer platen of the testing machine, and on this 
the specimen was assembled. A spherical bearing block was placed 
between the top of the specimen and the upper platen of the machine 
in the tests under ‘‘low loads’’ and was adjusted as the initial load 
was applied. In the other tests a steel cap plate was used instead of a 
spherical bearing block. 

4. ACKNOWLEDGMENTS 
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II. TESTS UNDER “LOW LOADS” 


1. SPECIMENS 
(a) COLUMNS 


The columns were H-section steel columns rolled by the Carnegie 
Steel Co. Data for the columns are given in Table 1 


TABLE 1.—H-section columns 


[These data were taken from ‘‘Carnegie Beam Sections” (ist ed., 1927)] 


| 


Depth | Area 


Weight, | 7 ; — 
nominal | 
} 





Number of pieces Section index 


Actual Nominal laceneabedl Length 


| Nominal nominal 


| | | 
I heasadasdtg! cit bl nied tetts dosed 


| | Square | Square Pe 
Inches 0 | Inches | Lbs./ft. | inches | inches 


140 41.17} 41.42 | 
150| 44.12] 44.03 | 
165 | 48.52 | 47. 94 | 


| OB Ee > 0 
-| CB 126........ 0 
ma CB 146_. 14 | 9] 
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FIGURE 2 


E 2.—Specimen 2 in the testing machine; 10-inch H-section over 14-inch 
H-section, centered; bearing plate 1.871 inches thick 





The plates and angles welded to the columns were used for another investigation. 
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FIGURE 38. Specimen 5 in the testing machine; 10-inch H-section over 14-incl 
H-section, flanges in line; bearing plate 1.871 inches thick 


The plates and angles welded to the columns were used in another investigation. 
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The measured areas were computed from measurements taken at 
sveral places on the web and flanges of each column. The nominal 
sine of the fillets was used in computing these areas. 

The columns had the customary milled ends when they reached the 
nee atory. Preliminary tests, made by using hot pressed bearing 
plates having unmachined surfaces, gave erratic stress distributions 
in the columns. Therefore both ends of each column were faced in 
an engine lathe. The ends of the columns appeared plane when 
tested with a steel straightedge. 


(b) PLATES 


The bearing plates had been heated and pressed between parallel 
surfaces at the fabricating plant. Both faces were finished in a 
planer at the laboratory to obtain a more consistent distribution of 
stress. Sufficient material was removed to “‘clean up” the surface 
which appeared plane when tested with a steel straightedge. The 
dimensions of the plates are given in Table 2. 


. TABL E 2 —Bearing plates 


Dimensions 
| ; we! als 
| Thick- | Remarks 
Thick- ness |(used with 
ness, | measured|specimens) 

nominal |_ after 
planing 





Plate No. | Length, | Width, 
| nominal | nominal 


| Inches Inches 
1 | 0.887 l and 4 

. 918 2 and 5 
.910 | 3and6 


. 408 l and 4 
.485 | 2and5 
.455 | 3and6 





1. 899 land 4 
. 871 2and 5 
.962 | 3and6 


. 730 1 to 6 





1 to6 











(c) MAKE-UP OF SPECIMENS 


The make-up of the six s specemnene used in the tests under. “low 


lnads”” is given in Table 3. The specimens are shown in cross section 
in Figure 1. The specimens designated ‘“‘centered’’ were tested. with 
the axis of the upper column in line with that of the lower column, 
as shown in Figure 2. The specimens designated ‘flanges in line’ 
were tested with the outer faces of one flange of both columns in the 
same plane, as shown in Figure 3. 


; 


TABLE 3. iors of specimens 


Column depth 





| | Column arrange- 
| Upper | Lower | ment 





Specimen No. 





| 
| 
| | | 
Inches | Inches , { 
10 | 12 | Centered. | 
14 | Do. 
14 Do 
12 | F langes in ine. 
14 
14 | Do 
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Each specimen was tested with five different thicknesses oj 
bearing plates; this made a total of 30 tests. The dimensions of the 
plates used for each specimen are given in Table 2. 


2. TEST PROCEDURE 
(a) PROGRAM 

H sections having depths of 10, 12, and 14 inches were selected | 
represent the depths most frequently used in steel-frame building 
construction. Tests were made with both of the arrangements 
shown in Figure 1, namely, with ‘‘columns centered” and wit! 
“flanges in line.” It was decided that five bearing plates, rangin: 
in thickness from 1 to 4% inches, would give sufficient information 
on the effect of the thickness of the bearing plate on the distributior 
of stress. 

Because it was desired to study the elastic behavior of the speci 
mens and because each column was to be used for several specimens 
the maximum compressive load applied, in these tests under ‘Joy 
loads,”’ did not exceed 8,500 Ibs./in.? in the smaller (upper) column. 
The strain-gage readings did not indicate any permanent set unde: 
loads of 250,000 pounds on specimens 2 and 5 for plates having » 
nominal thickness of 1, 1%, and 2 inches, nor under loads of 350,000 
pounds for these specimens with thicker plates. The other specimen 
did not show any permanent set after loading to 350,000 pounds. 
The average stress, computed by dividing the total load by the cross- 
sectional area of the smaller H section ranged from 5,200 to 8,400 
Ibs. /in.?. 

Strain-gage readings were taken at zero load and at maximum load 
Readings of the deflection of the bearing plates were taken at a load 


of 50,000 pounds and at maximum load. Deflection readings were 
not taken at zero load because some of the specimens rocked slightly 
under zero load so that consistent readings could not be obtained. 


(b) STRAIN-GAGE MEASUREMENTS 


The strain in the columns was measured by using a 2-inch Berry 
strain gage. The gage lines were parallel to the axes of the columns 
There were 20 lines at each of two levels in each column. As measured 
from the mid-points of the gage lines, these levels were 3 inches and 9 
inches from the bearing plate. They were designated J, J, K, and L, 
beginning with the top level as shown in igure 4. 

The strain gages were calibrated at the beginning of the tests ai 
comparison readings were taken on a standard bar before and afte: 
each set of from 8 to 16 observations. Measurements on each ga 
line were repeated until two consecutive readings were obtained h 
ing a difference not greater than 0.0001 inch for the 2-inch gage leng 
Assuming a value of 29,000,000 Ibs./in.? for the modulus of elasticity 
of steel this difference in reading represented a difference in stress 
1,450 lbs. /in.’. 

The strain in the plates was measured with a West strain gage 01 
8-inch gage lines. These lines were on the vertical sides of the plates 
which were parallel to the webs of the columns. The lines were one- 
eighth inch from the upper and the lower edge of the plates as shown 
in Figure 5. These strain-gage readings were repeated until the 
difference in consecutive readings did not exceed 0.0001 ineh for th 
8-inch gage length. This difference represented a difference in stress 


of 363 l|bs./in.’. 
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(c) DEFLECTION MEASUREMENTS 


Small holes were drilled in the lower surface of the bearing plates 
as gage points for measuring the deflection of the plate. The posi- 
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Ficrug 4.—Location of gage lines on specimens tested under “low loads” 
and onspecimens tested to failure 


tion of these gage points on the plates 13 inches wide is shown in 
Figure 6 and on the plates 14% inches wide in Figure 7.. Reference 
plates were fastened to the ial 
shelf angles welded to the 
web of the lower column, as 
shown in Figures 2 and 3. 
These plates had holes in 
their upper surface vertically 
below the holesin the bear- 
ing plate. The deflection was 

measured by using a dial 

inicrometer graduated to | dt 














0.001 inch attached to a bar nich, Si nienitecoeilial 
of suitable length. Tomake 
areading, the conical end of 
the bar carrying the dial was 
placed in one of the holes in 
ihe reference plate and the 
onical end of the spindle of had 
the dial in the corresponding gor Pea OR TO a 
hole in the bearing plate. It 
is evident that changes in 
distance between the bearing 
plate and the reference plate were caused not only by the deflection 
of the plate, but also by the elastic compression of the portion of the 
lower column above the shelf angle. 























Fiaure 5.—Location of strain-gage lines on 
bearing plates 
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Figure 6.—Location of gage points for measuring the 
deflection of bearing plates 13 inches wide 
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Figure 7.—Location of gage points for measuring the deflection 
of bearing plates 1454 inches wide 
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Yang 
3. RESULTS AND DISCUSSION 
(a) STRESSES IN COLUMNS 


(1) Typical stress data.—The stresses computed from the strains 
found in specimen 5 when tested with 1, 2, and 44-inch bearing plates 
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Figure 8.—Stresses in specimen 5 with 1-inch bearing plate 


Column arrangement, flanges in line. 

Total load, 250,000 pounds. 

Upper column: Ten-inch H section, C B-105, 140 pounds/ft. Average stress, 6,000 pounds/inch.? 

Lower column: Fourteen-inch H section, C B-146, 165 pounds/ft. Average stress, 5,200 pounds/inch.? 
0.918 inch bearing plate. 

In the flange views the full lines represent stresses in the outer face of the flange and the dashed 
lines represent stresses in the inner face. In the web views the full lines represent stresses in the near 
side of the web and the dashed lines represent stresses in the far side. The stresses in the columns 
were all compressive; for convenience those in the upper column were plotted upward and those in 
the lower column downward. In the bearing plates, stresses plotted to the right are compressive, 
those to the left are tensile. 


are Shown graphically in Figures 8, 9, and 10. The variation in stress 
which these figures show is typical of that found in all the tests. 

(2) Ratio of web stress to average stress.—The strain-gage readings 
dicate that, in general, the stresses in the webs were higher than 
the average stresses for the entire H section. In order to show the 
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relative magnitude of flange and web stresses, the stresses for th 
different gage lines for all the specimens have been averaged, and 
are shown graphically in Figures 11 to 16. 
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FiGurE 9.—Stresses in specimen 5 with 2-inch bearing plate 


Column arrangement, flanges in line. 

Total load, 250,000 pounds. 

Upper column: Ten-inch H section, C B-105, 140 pounds/ft. Average stress, 6,000 pounds/inch.? 

Lower column: Fourteen-inch H section, CB-146, 165 pounds/ft. Average stress, 5,200 pounds/inch. 
1.871 inches bearing plate. 

in the flange views the full lines represent stresses in the outer face of the flange and the dashed lin: 
represent stresses in theinner face. In the web views the full lines represent stresses in the near side of th 
web and the dashed lines represent stresses in the far side. ‘The stresses in the colurans were all compressi¥« 
for convenience those in the upper column were plotted upward and those in the lower column downwar’ 
in the bearing plates, stresses plotted to the right are compressive, those to the left are tensile. 


A maximum load of 250,000 pounds was used in the tests ef speci- 
mens 2 and 5 with bearing plates 1, 14, and 2 inches thick. The cor- 
, a - 390,000 
responding stresses were multiplied by the ratio 350.000 before they 
mt ’ 


were plotted in Figures 12 and 15 so that they would be directly 
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vumparable with those produced by loads of 350,000 pounds. The 
data from the test to failure of specimen 9 (fig. 22) which was similar 
io specimen 5 show an approximately straight-line variation in stress 


| 


a ee 


— = 








fers. stress 








} 
10000-4——+ —_——1____ —tt—-+-++ 0000 — | — _ 
' 1} | 
i 1 | 


Figure 10.—Stresses in specimen 5 with 44-inch bearing plate 


‘olumn arrangement, flanges in line. 
tal load, 350,000 pounds. 
pper column: 'Ten-inch H section, CB-105, 140 pounds/ft. Average stress, 8,400 pounds/inch.? 
Lower column: Fourteen-inch H section, C B-146, 165 pounds/ft. Average stress, 7,300 pounds/inch. 
inch bearing plate. 
n the flange views the full Jines represent stresses in the outer face of the flange and the dashed lines 
‘sent stresses in the inner face. In the web views the full lines represent stresses in the near side of 
e web and the dashed lines represent stresses in the far side., The stresses in the columns were all 
ressive; for convenience those in the upper column were plotted upward and those in the lower 
downward. In the bearing plates, stresses plotted to the right are compressive, those to the left 
iia 


Shi 


up to loads of 350,000 pounds (8,400 Ibs./in.? in upper column, 7,900 
1} ° 9° rr . . 
ibs./in.* in lower). These stresses are, therefore, a close approxima- 


tion to the stresses which would have been produced by a load of 
50,000 pounds, 
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Numerical values of the stresses in the columns are given in Table 4 
The “‘stress from load, average”’ was found by dividing the maximum 
load on the specimen by the cross sectional area of the H section and 
is given in column 7 of the table for the upper column and in column 
14 for the lower column. The average stress from strain-gage meas- 
urements was obtained by weighting the stress computed from each 
gage reading in proportion to the area of the portion of the cross 
section nearest the gage line. The stress, “‘C,”’ for the entire cross-sec- 
tional area of the column (flanges and web) for the gage lines at each 
of the four levels is given in columns 8, 11, 15, and 18. The stress, 
““W,”’ in the web only is given in columns 9, 12, 16, and 19. The ratio 
of the stress in the web to the stress in the entire cross section is given 
in columns 10, 13, 17, and 20. 

The average stress in the web of the upper columns 9 inches above 
the bearing plate was for most of the specimens greater than the 
average stress on the upper column both for specimens with columns 
centered and those with flanges in line. Three inches above the bear- 
ing plate the proportion of the load carried by the web had decreased 
due to the deflection of the plate, downward, which caused the flanges 
to carry a greater proportion of the load. In the lower columns the 
ratio of web stress to average stress was, except for one specimen, 
greater than unity, and was greater 3 inches below the plate than at 9 
inches below. It is reasonable to assume that the web stresses in the 
lower column at the bearing plate were considerably higher than those 
3 inches from the plate. 

Besides showing the relation between web and flange stresses, Fig- 
ures 11 to 16 show the effect on the distribution of stress caused by 
differences in the thickness of the bearing plates. The stresses in the 
lower column 3 inches below the bearing plate were the highest stresses 
observed, and they are the only stresses which will be discussed 
here. The best thickness of plate is that for which the maximum value 
of stress at this level is the lowest. Figures 14 and 16 show the stresses 
in specimens 4 and 6, that is, 10-inch over 12-inch columns and 12-inch 
over 14-inch columns with flanges in line. For the 1-inch and 14-inch 
plates the larger of the two web stresses was the one farther from the 
flanges in line, while for the 2*-inch and 4%-inch plates the larger 
stress was the one nearer the flanges in line. For the 2-inch plate the 
two web stresses were approximately equal. Moreover, their value 
was approximately equal to the larger value for the 2%-inch and 4\- 
inch plates, so that no material reduction in the maximum web stress 
was obtained by using the 2%-inch or the 4\-inch plates. For speci- 
mens having 10-inch over 12-inch columns (specimen 1, fig. 11) and 
12-inch over 14-inch columns (specimen 3, fig. 13) columns centered, 
there seems to be little advantage in using plates thicker than 2 inches. 
The 10-inch over 14-inch columns had high web stresses except for 
specimen 2, columns centered, with the two thickest plates. These 
tests indicate that it is not advisable to change directly from a 10-inch 
H section to a 14-inch H section. 





imards ‘hitte hy y 4 " b . Y 
‘awards, Whitemors) Compressive Tests of Jointed Columns 


TaBLE 5.— Mazimum stresses in the bearing plate 
ie ee Caer ace eC te pra 
| | Average stress in extreme fiber} Stress 
| Plate from strain readings | from de- 
ithickness,|__ | flection 





Column size | 

Column arrange-| Load on 

er ment specimen 
' 


| | actual | | measure- 
| Upper nena | Top Bottom | Average | ments! 
! } ' 
Inches | Inches | Pounds | Inches | Los./in.? | Lbs./in.? | Lbs./in.? | Lbs./in2 

10 12 | Centered 350, 000 | 0. 887 | 7, 400 6, 600 7, 000 10, 200 
| 350, 000 | - 408 | 6, 400 | 5, 100 | 5, 800 3, 000 
350, 000 | . 8¢ 5, 900 | 5, 700 | 5, 800 8, 700 
350,000! 2.730! 3,000 3,600} 3,300 

350, 000 . 246 2,500! 3,100 | 


250, 000 | | 5,800} 8, 500 | 
250, 000 | - 432 4, 000 | 7, 700 
250, 000 | | &, 800 5, 900 | 
350, 000 | 2. 730 | 3, 400 7, 600 
350, 000 | . 246 3, 300 5, 400 





| 
| 350, 000 | .910} 2,300 600 
| 350, 000 - 455 3, 700 5, 700 
| 350, 000 | . 96: 4, 600 5, 000 | 
350, 000 2h 2, 200 3, 000 
| , OOO 4. 2, 100 , 600 
| 

Flanges in line.-| 350, 000 , 5, 300 9, 900 
, 000 1. 408 3, 900 | . 400 | 

50, 000 . 899 3, 500 | 3, 300 | 

, 000 2. 730 4, 200 5, 800 | 

50, 000 4. 246 2, 500 2, 500 } 

oe , 000 .918 , 200 4, 800 

50, 000 | . 871 3, 100 5, 500 
350, 000 | 2. 730 3, 800 , 600 | 
350, 000 | 4, 246 , 600 5, 000 





, 000 .910 , 000 
, 000 . 455 5, 500 
, OOO - 962 | 3, 500 
, 000 2. 730 | 4, 600 
350, 000 4. 246 | 2, 300 








| 

| 

| 

| 

| 2 
| 250, 000 » 435 400 900 | 
| 

| 

| 

| 

| 





stresses were found by averaging the values for A and F of Figures 6 and 7 
(b) STRESSES IN PLATES 


|) From strain-gage measurements—The strain in the bearing 
plates was measured on gage lines which were one-eighth inch from 
ne faces of the plate as shown in Figure 5. Since the strain in the 
earing plate due to bending is approximately proportional to the 
distance from the neutral axis, the strains in the upper and lower 
aces of the plate were computed by multiplying the readings on the 
vuge lines by the factor 


9 
“ 


K=. 
8 


‘here tis the thickness of the bearing plate in inches. The maximum 
stresses in the plates were computed from the strains in their upper 
und lower faces. 

These stress values are given in Table 5 and are shown graphically 
in Figures 11 to 16. The values are rather erratic. In general, 
there was a decrease in the stress in the plates as their thickness was 
increased. The stress values were in all cases much lower than the 
stresses used in designing steel structures. It is evident, therefore, 

30894°—31—— 10 
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that the bending stresses in the plates may be disregarded in designiy: 
structures having columns similar to those tested in this investigation 

(2) From deflection measurements.—\t is seen from Figure 17 tha; 
the deflection of the point A-3 with respect to a line through the 
points A-1 and A-5 is the difference between the deflection of the 
point A-3 and the average deflection of the points A-1 and A-}, 
The location of these gage points on the plates is shown in Figure; 
6 and 7. Data for computing this deflection in a typical case are 
civen in Table 6. 


TABLE 6.— Deflection data for specimen 3 


12-inch over 14-inch columns, centered; bearing plate 0.916 in 


ling for 350.000-pound v 
ling for 50,000-pound load 
crement due to 300,000-pound load 


The deflection of A-3 relative to a line through A-1 and A 


0.0105+ 0.0100 me 
0.0113 0.0011 neh 


9 
The stress for a given deflection of A-3 may be found from th 
theory of bending, according to which 


Ke 


R- R 


— - ad "aa , : , . 
Referring to Figure 17, R=, (very closely). Equating these ty 


al 


: nae t , ‘ 
values of #, substituting the value c= >, and solving for S: 


“ ltd 


a 


S: 


where 
S=stress in extreme fiber, pounds per square inch. 
c= distance of extreme fiber from neutral axis, inch. 
H=modulus of elasticity, pounds per square inch. 
t= thickness of bearing plate, inch. 


> 
2 


R=radius of curvature of the elastic curve of the plate, inch 


According to this formula the stress in the outer fibers of a 1-inch ste 
plate having a deflection of 0.001 inch is 4,800 Ibs. /in.* 

The lowest load for which deflection readings were taken was 50,00! 
pounds, whereas the lowest load for which strain-gage reading: 
were taken was zero load. To facilitate comparison with the 
stresses obtained from the strain-gage measurements, the stresses 
computed from the deflection measurements were increased propo! 
tionally for a loading range from zero to the maximum load on th 
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specunen. These increased values are given in Table 5. ‘These 
stresses are comparatively small, but they are much more erratic 
than those computed from the strain-gage readings. This is because 
they are based not on the measured deflections themselves, but on 
small differences between the measured deflections. 

(3) Theoretical computation of stresses —An attempt was made to 
compute the stresses in the bearing plates from formulas which were 
derived analytically, on the basis of simplifying assumptions. The 
stresses in the plates were first computed by assuming that the plate 
was divided into strips parallel to the webs of the columns, supported 
on the flanges of the lower column and loaded as beams by the flanges 
of the upper column. The stresses in these strips were computed by 
using the usual formulas for 
simple beams. The stresses 
were, also, computed by con- 
sidering the portion of the plate 
on one side of the axial plane 
through the middle of the web 
of the lower column. This por- 
tion of the plate was assumed 
to be uniformly supported along 
three edges by the two flanges 
and the web of the lower column 
and loaded uniformly by the 
flange or flanges of the upper col- 
umn. The values of the stres- 
ses obtained by these methods 
agreed with those determined 
from the strain-gage measure- 
ments only in order of magni- 
tude. 

The conditions in the speci- 
menswhichwere tested werevery 
different from those which were | 
assumed and were for practical | 
purposes indeterminate. In ‘ A-3 A-1 
particular, the load on the plates pygure 17.—Deflection of gage point A-3 
was far from uniform. Com- relative to a line through A-1 and A-5 
paratively small changes in the 
location of the action lines of the resultant loads caused large changes 
in the magnitude of the computed stress. 

The shearing stresses in the plates were very high and a theoretical 
analysis which adequately considers their effect presents unusu: al 
difficulties. It is believed that a rational analysis of this problem 
is very difficult, and that a solution would be of little use to engineers 

designing structures of this kind. 


III. TESTS TO FAILURE 
1. SPECIMENS 


The dimensions of the columns used in the specimens tested to 
failure are given in Table 7. 








TABLE 7.——Columns for specimens tested to failure 
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[These data were taken from “‘Carnegie Beam Sections”’ (1st ed., 1927).] 
: peer ey 
Number of } Section Depth, | Weight, | Area, Length, 
columns index | nominal } nominal |; nominal | nominal 
j | es =y Ree rar. oe a 

| | Square 

| Inches Lbs./ft. | inches heet 
eesti CB 105. “] 1¢ 140 41.17 3 
ilies oases | CB 126_. 12 150 44.12 3 
Be cctastiatal | CB 146. = 14 165 | 48. 52 3 














The make-up of the four specimens tested to failure is given 


Table 8 


tests under low loads. 
lathe at the laboratory. 
inilled at the fabricating plant. 
r “low loads. 


tests unde 
laboratory. 


the 
the 


TABLE 8.—Specimens tested to failure 


2 


The three columns designated ‘faced ”’ 
Their ends had been 
The ends of the other five columns had been 
The bearing plates had been used ii 


had bee n used i in thi 
finished in an engine 


They had been finished in a planer x! 


Columns | 
Plate | 
~ a Upper Lower oo arrarige 
men 
. . ment 
~WU, | 
rs Thick- 
Depth ae Depth Bas Length Width a 
nominal Finish nominal Finish nominal | nominal —- | 
| | a actual | 
7 ais a wes 
Inches Inch Inches Lnches | Inches | 
7 10 | Faced 2! Faced 1214 3 | 1.408 | Ceniere 
s 10 Milled 12 Milled 15) 13 1.435 | Flanges it 
9 iv do i4 Faced 15'9 13 1.871 | ay 
_ 12 do 14. Milled 15d, 14! 1.962 | Do 


2. TEST PROCEDURE 
(a) PROGRAM 


Three specimens having the flanges in line and one having the « 
umns centered were tested. The tests under ‘low loads” had sho. 
that higher stresses occurred in the specimens with flanges in + 
Specimens with flanges in line were, therefore, made for each of 
possible combinations of column depths. One specimen was teste: 
with columns centered to allow a comparison to be made of the strengi' 
of the two arrangements. 

Strain-gage readings were taken on the columns for ten differe! 
loads. The deflection of the bearing plates was not measured. Th 
tests were continued until the load decreased considerably below ti 


maximum. 
(b) STRAIN-GAGE MEASUREMENTS 


The strain in the columns was measured by using a Berry strain 
gage on 2-inch gage lines parallel to the axes of the columns as show! 
in Figure 4. The location of the gage lines and the method of taking 
the measurements were the same as for the tests under “low loads. 
No strain-gage measurements were made on the bearing plate. 
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Figure 18.—Specimen 7 after failure; 10-inch over 12-inch colum? centered; 





]. OS-inch bearing plate 


The plates and angles welded to the columns were used for another investigation. 
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Yang 


3. RESULTS AND DISCUSSION 


The specimens failed at the ends of the columns near the bearing 
nlates. Figure 18 shows specimen 7 having 10-inch over 12-inch 
columns, centered, after failure. Figure 19 shows all four specimens 
after failure. The maximum loads sustained by the specimens and the 
maximum average stresses in each column are given in Table 9. 


TABLE 9.—Results of tests to failure 


| 
i Dp ni. | 
beng ca | Plate | | Maximum 
| Ommee’ | thick- | coy ee 
| olump arrangement 
| 


Average 
lower 
column 


Maximum stress 
load upper 
column 


_ | mess 
| | actual 
| Upper | Lower | 2ctué 

| 
} | — s sacianensiinennguniinienicniet A himiticeneminmitaninttiatniy 


| | 
Inches | Inches | Inches | _ 
10 12 | Centered ......-- ; 1, 667, 000 40, 200 37, 900 


Pounds Lbs./in.? Lbs./in.? 


| 10 12 . 435 | Flanges in line.- 1, 516, 000 36, 600 34, 400 
| 10 14} 1.87 ; 1, 389, 700 33, 500 39, 000 
| 12 14 i MRE SRS ESSER, SRS 1, 639, 000 37, 200 34, 200 











Average stress-strain curves for these specimens are shown in 
Ficures 20, 21, 22, and 23. The ordinates represent average stress 
computed from the total load on the specimen by assuming a uniform 
stress distribution over the H section. The abscissas show the aver- 
aze value of the strains measured on the gage lines. The origin 
of each curve is at the midpoint of the corresponding gage line. 
The short, heavy transverse lines on the curves have been drawn 
at a strain of 0.00069 inch per inch. This corresponds to a stress 
{ 20,000 Ibs./in.2 in the material. If the stress were uniform over 
the H section, each of these transverse lines would pass through 
ithe point of intersection of its curve with the horizontal line 
corresponding to a compressive stress of 20,000 Ibs./in.. 

The curves show fairly uniform distribution of stress in the upper 
column for loads up to about 20,000 Ibs./in.2. At level J, 9 inches 
above the bearing plate, the curves are, in general, similar and 
show a tendency for the compressive strain to increase more rapidly 
as the load increases. At level J, 3 inches above the bearing plate, 
the strain in the web did not increase as rapidly as that in the flanges, 
though at low values of load the difference was small. It is evident 
that as the plate deflected under load the web of the upper column 
took less stress than the flanges. 

In the lower columns these conditions were reversed. At level K, 
3 inches below the plate, the deformation of the web was greater 
than that of the flanges. The same high ratio of web to flange 
stress was found as in the tests under ‘low loads.’”’ The flanges 
of the specimen with columns centered bent locally, as shown in 
figure 18. This caused the compressive strain to decrease as the 
bending increased. In the specimens with flanges in line, tensile 
‘trains occurred on the outer faces of the lower-column flanges 
which were not in line. The compressive strains in the lower column 
flanges which were in line were almost as large as those in the webs. 
At level Z, 9 inches below the plate, the curves were not as near 
wlike as those for the section 9 inches from the plate in the upper 
column. Tensile strains occurred in the flanges not in line and high 
compressive strains in the flanges in line. 
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The 10-inch over 12-inch specimen (7) with columns centered was 
about 10 per cent stronger than the corresponding specimen (8) 
with flanges in line. It was 20 per cent stronger than the specimen 
(9) with 10-inch over 14-inch columns, which showed the lowes; 
ultimate strength. With flanges in line, the latter specimen was 
subjected to a greater eccentricity of loading. In addition, the 
deflection of the bearing plate was greater because the load from 
the unsupported flange of the upper column was applied closer 


compressive stress -/b.per sg. in 


ffir 




















compressive strain-in.per in. 


Figure 20.—Stress-sirain diagrams for specimen 7; 10-inch over 12-inch col- 
umns, centered; 1.408-inch bearing plate; maximum load, 1,667,000 pounds 


to midspan. This greater deflection caused higher stress in the web 
of the lower column, with failure at a lower load. 

The mill tests on coupons taken from the material from which 
these columns were cut showed a yield point of 36,900 lbs./in.’ for 
the 10-inch columns, 37,000 lbs./in.? for the 12-inch columns, and 
37,500 lbs./in.2 for the 14-inch columns. With the exception of 
specimen 9 having 10-inch over 14-inch columns, the other three 
specimens had approximately the ultimate strength that would b 
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pected of a single H section having the cross-sectional dimensions 
‘the upper column of the specimen and a length equal to that of 


the specimen. 


IV. TESTS UNDER REPEATED LOAD 


1. SPECIMEN 


‘ 


The specimen used in the repeated-load test consisted of a 10-inch 
ection over a 12-inch H section with the columns centered. 
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compressive strain- hn. per #7. 

Ficure 21.—Stress-strain diagrams for specimen 8; 10-inch over 12-inch col- 
imns, flanges in line; 1.435-inch bearing plate; maximum 


pounds 


qi ad, 1.516.000 


The bearing plate was 13 by 12% by 1.899 inches. The dimensions 
the columns are given in Table 10. The ends of the columns had 
been milled at the fabricating plant, and the plate had been faced in 
i planer at the laboratory. The plate had been used in the tests 
uder the “low loads”; the columns had not been used in any other 


lests, 





332 Bureau of Standards Journal of Research 


























TaBLE 10.—Column tested under repeated load St 
= - ~ ecen aimed nae iD 
Number of Section Depth, | Weight, | Area, | Length, | rd 
pieces index nominal | nominal | nominal | nominal | mM 
| | | i 
| | lo 
Square 
Inches Lbs./ft. inches Feet 
1 CB 105... _| 10 140 41.17 | 
Rianne CB 126 | 12 150 44. 12 | 
Riadseieiicipicaaipasioias’ al och a 
23000 
£0000- 
15000- 
10000 Leve/ I 
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Ficurn 22.—Stress-strain diagrams for specimen 9; 10-inch over 12-incl 
columns, flanges in line; 1.871-inch bearing plate; maximum load, 
1,389,000 pounds 


2. TEST PROCEDURE 


(a) PROGRAM 


One specimen was loaded nine times, each time a loading range 
from 50,000 to 660,000 pounds being used, to determine the effect 0! 
repetitions of load on the magnitude and distribution of the stres 
and to give further assurance that the proportional limit was 10 
passed in the specimens tested under “low loads.” The maximum 
load applied gave a stress of 16,000 lbs./in.? in the upper colum. 
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Strain-gage readings were taken on the first three and the ninth load- 
ings and deflection readings on the other loadings. With the appa- 
ratus used to measure the deflection of the bearing plate, measure- 


ments of strain and deflection could not both be made for the same 
loading. The test program is given in Table 11. 


compressive stress -/b. per sq. in. 
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I1GURE 23.—VStress-strain diagrams for specimen 10; 12-inch over 14-inch 
columns, flanges in line; 1.962-inch bearing plate: maximum load, 
1,689,000 pounds 


TABLE 11.—Repeated-load test program 





Loading | Kind of read- 
No. | ing 


Strain gage. 
Do. 


Do. 
Deflection. 

Do, 

Do. 

Do. 

Do. 
Strain gage. 
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(b) STRAIN-GAGE MEASUREMENTS de 
The strain in the colun ne was measured on 2-inch gage lines |aj tal 
off parallel to the axes of the columus as shown in Figure 24. Ther st! 


were 24 lines at each of three levels on each column. As measured 
from the midpoints of the gage lines, these levels were 3, 9, and 19 
inches from the bearing plate. They have been designated H/, J, J, K 
L, and M, beginning with the top level. ‘Two types of strain gages 
were used, the Whittemore and the Berry. The gages were calj- 
brated and the readings were taken as in the tests under “‘low loads 
(c) DEFLECTION MEASUREMENTS 
The apparatus used for measuring the deflection of the bearing 


plate is shown in Figure 25. Four pins, A—-A, B-B were secured | 
the sides of the plate at mid height, vertically above the center lines 
? 
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Figure 24.—Localic of rain-qage lines on the specimen tested unde 
Ie peated loads 
1 ' oo ee A ite Bie ee ee 
of the flanges of the lower column. A stiff frame, C, was placed around 1 
47 | — a a an ae : | y 
the plate | rested on the pins. Notches in the frame located th y 
e.. . mn tha 7 | 4 | il i 
iranbie on tne pu iS 4-A anc hori zontal si urfaces of the frs ame reste 


on the pins B-B. The horizontal bars D-D below the bearing plat 
‘ured to the frame C and each carried three dial micrometers 
1e spindles of these dials were in contact with the low 
ace the bearing plate. The deflection of the plate under low 
wus indicated on these dials. The deflection was measured only 


the Six Sage point son line 3 shown in Figure 6. 
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3. RESULTS AND DISCUSSION 


The stresses at each of the six levels of gage lines on the colum 
were computed from the strain-gage readings. The stress values !o! 
the first and ninth loadings are given in Figure 26. 

The measured deflections of the bes aring plate are given in Table 12. 
After the first five loadings there was no appreciable change due to 


subsequent loads, although there was a slight indication of increasing 
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deformation in the first few loadings for which deflection readings were 
























































This was presumably caused by yielding under local bearing 
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FIGURE 25.—Apparatus used for measuring the deflection of the bearing plate 
( The stiff frame Crested on four pins 4-—A, B-Bsecured in the plate. The dial micrometers F were carried 
lt y horizontal bars D-D secured to the frame. The deflection was measured ory for the six gage points on 
ne 3 shown in Figure 6. 
(| 
f TABLE 12.— Deflection of bearing plate 
I's 
Defiection at distance from face of web i er coluny 1 ches 
Loading No. North Sout! 
ae 31 
Inch } Inch Inch Inch Inch Inch 
0.0060} 0.0052 0.0040} 0.0040} — 0. 0050 0.0062 
7 . 0055 | . 0046 . 0035 . 0033 | OAS 0060 
. 0054 | . 0048 . 0038 . 003 . WO4 0061 
0054 | . 0046 . 0034 . 0033 0049 0061 
y 0054 . 0050 | 0040 0037 U048 006) 
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Loading the specimen nine times to 660,000 pounds caused no 
appr ive | permanent set in the material in the portions of the speci- 
men on which strain measurements were made. The changes found 
in the readings were not greater than those which could be caused by 
observational and instrumental errors and by high local stresses due 
to the irregularities of the bearing surfaces of the plate and H sections. 
There is no reason to believe that repeating this load an indefinite 
number of times would appreciably change the readings observed 
after the ninth loading. 


V. CONCLUSIONS 


Compressive tests were made of jointed steel columns consisting of 
various combinations of 10, 12, and 14 inch rolled H sections with 
bearing plates ranging in thickness from 1 inch to 4% inches. Some 
of the tests were with the axes of the columns in line, the others were 
with the outer faces of one flange of both upper and lower columns in 
the same plane. Tests to failure and repeated load tests were in- 
— The conclusions are: 

. The stress in the web of the columns was greater than the aver- 
age ae over the entire H section. The ratio of web stress to 
average stress was greatest in the lower column near the bearing 
plate. The average ‘value of this ratio at 3 inches below the bearing 
plate was 2.04. 

2. The stress in the web of the lower column was very high for 10- 
inch H sections over 14-inch H sections. The highest ratio of web 
stress to average stress was 3.10. The use of heavy 10-inch H sections 
directly over 14-inch H sections is not recommended. 

3. With the exception of the 10-inch over 14-inch specimens, the 
stress in the columns with plates over 2 inches thick was only slightly 
less than that with 2-inch plates. 

4. The maximum bending stresses in the bearing plates for all 
thicknesses from 1 inch to 4% inches were considerably lower than the 
— of 16,000 lbs./in.? usually used in the design of steel structures. 

). With the exception of the 10-inch over 14-inch specimen, the 
dieu strength of the specimens tested to failure was about the 
same as that of a single H section having the cross-sectional dimensions 
of the smaller column of the specimen “and a length equal to that of 
the specimen. 

6. No appreciable change in the stresses in the columns nor in the 
(leflections of the bearing plate was observed after nine repetitions of 
the load giving an average stress of 16,000 lbs./in.? in the smaller 
(upper) column. 
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CRITICAL STUDY OF THE BURSTING STRENGTH TEST 
FOR PAPER 


By F. T. Carson and F. V. Worthington 


ABSTRACT 


An extensive investigation has been made of alleged variables in the bursting 
test. The study included clamping pressure, nature of clamping surfaces, size 
f bursting orifice, types of diaphragms, effect of manner of installation of dia- 
phragms, effect of air entrapped under diaphragm, speed of operation, effect of 
viscosity of liquid medium in hydraulic chamber, calibration and performance of 
pressure gauges, relation cf bursting to tensile results, and relation of size of 
bursting orifice to bursting pressure. A device is described for measuring the 
vertical deflection of the paper in the bursting test. 

As a result of the investigation it is reeommended that a clamping pressure 
used corresponding to a total load on the specimen of approximately 1,000 
ounds. An all-metal clamping head having a relatively smooth clamping surface 
nd a bursting orifice 1.20 inches in diameter is recommended to replace the 
ubber-faced clamping head formerly used. No evidence was found that the 
type of diaphragms ordinarily used, the manner of installation, or the viscosity of 
the hydraulic medium used have a significant effect upon the test. The results 
ire affected to some extent by the testing rate, being somewhat greater the 
higher the testing rate. Air in the hydraulic chamber, because of its compressi- 
bility, has the effect of reducing the testing rate. The testing rate may con- 
veniently be expressed in terms of the time interval during which the specimen is 
being stressed. For the official method this corresponds to about 1 second. 
Because of the difficulty of properly adjusting the pressure gauges of the type 
commonly used on the bursting tester for operation at high speed, the official 
testing rate is about the maximum that could safely be used. The equation 
PR=2T, in which P is.the bursting pressure, R the radius of curvature of the 
paper at rupture in the bursting test, and T the machine direction tensile breaking 
strength per unit width, relates the bursting and tensile properties and enables a 
correlation to be made of data obtained with bursting orifices of different sizes. 
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I, INTRODUCTION 


The bursting strength test is one of the oldest and most widely 
used criteria of the strength of paper. A sort of empirical, composite 
test, combining the effects of both the tensile strength and the elon. 
gation of paper, it is generally considered to be a fairly dependable 
means of determining the relative strength of papers in relation to 
many ordinary uses. The test is quickly and easily made by means 
of a simple, sturdy testing device, one form of which is shown jy 
Figure 1. Nearly all specifications for paper include the bursting 
test, and in some cases this is the only means specified for strength 
measurement. 

The device for making the bursting test is provided with a platform 
containing a central circular orifice over which is placed the sheet of 
paper to be tested. A clamping head is brought down on top of the 
paper with sufficient pressure to hold it in place. In this clamping 
head there is an orifice which registers with the orifice in the platform. 
A piston, driven by hand or by motor, forces liquid up through the 
orifice in the platform and distends the test specimen through the 
orifice in the clamping head until the paper burst. The pressure in 
the hydraulic chamber at the instant of rupture is indicated on 4 
maximum-reading pressure gauge of the Bourdon tube type. A 
rubber diaphragm covers the lower orifice to prevent liquid from 
coming in direct contact with the paper being tested. 

































II. TESTING PROCEDURE 


In studying the performance of a testing device it would obviously 
be desirable to have available for comparative tests a material of 
such uniformity that a few tests made while changing one variable 
at a time would reveal the characteristics of the tester without the 
uncertainty due to the variability of the material tested. In the study 
of a paper testing device one is handicapped at the outset by the 
lack of uniformity of paper and the consequent variability of the 
test results. In the subsequent tables most of the tabulated results 
are averages of 20 tests of representative samples. The various 
papers employed are designated in the tables by their trade names. 
All tests were made at 65 per cent relative humidity and 70° F. 
after the test specimens had been conditioned to equilibrium in this 
atmosphere, 


III, VARIABLES INVESTIGATED 
1, CLAMPING FORCE 


The specimen must not slip during the test, for otherwise the indi- 
cated bursting strength will be too high. Insufficient clamping force 
is probably responsible for many discrepancies in bursting tests. 

Within certain limits the resistance to slipping is practically inde- 
pendent of the area of the gripping surfaces, provided the total load 
on the clamp is kept constant. Slipping can not, therefore, be over- 
come by a change in the area of the clamping surfaces, but must be 
corrected by increasing the total force or load which is applied 
the clamp. In the bursting tester shown in Figure 1, the clamping 
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jorce may be approximately evaluated by calibrating the clamping 
spring. The clamping force necessary to prevent slipping of the 
specimen was measured for five different kinds of paper chosen so 


y js to be representative of the range of bursting pressures ordinarily 
». ae encountered, and was found to range from 350 to 800 pounds, depend- 
l. Mf ing upon the character of the paper. It appears, therefore, that a 
1) | camping force of about 1,000 pounds is necessary to insure against 

sipping in all cases. This corresponds to a compression of the usual 


damping spring of about a quarter of an inch. The operator should 
watch carefully at all times for any movement of the unclamped 
} @ margin of the specimen. If slipping is indicated the result should 
| of course be discarded and the clamping pressure increased. 


n 2. NATURE OF CLAMPING SURFACES 


e For many years the bursting tester has been equipped with a 
§ @ rubber ring which served as the clamping surface and bursting orifice 
|. # in the clamping head. From comparative tests of clamping heads, 
© HY Snyder! concluded that the all-metal clamp is superior in gripping 
¢ @ efficiency to the rubber ring type. This conclusion has been ques- 
1 @ tioned by Abrams.? The experiments on clamping pressure made in 
4 @ the course of the present investigation showed that a greater clamp- 
\ @ ine force is required to prevent a given paper from slipping when the 
1 @ rubber ring type of clamping head is used than when the all-metal 
clamping head is used. Hence, it appears that the differences in test 
results noted by Snyder are attributable in part to the size of the 
orifice (Sec. III, 7) and in part to the greater gripping efficiency of 
the metal clamping surface. 
y Because of this superior gripping efficiency of the metal clamping 
{@® surface and because of its permanence in contrast with the well- 
e known tendency of the rubber ring to deteriorate with age, it has 
eM been definitely recommended that the rubber ring type of clamping 
y head be replaced with the all-metal construction, and the recom- 
p mendation has been followed by the manufacturer of the instrument. 
’ When this recommendation was being discussed consideration was 
S given to the possible shearing effect of the relatively sharp edge of 
; the clamping surface bounding the bursting orifice. This apparent 
difficulty can be dismissed, however, since paper does not normally 
break at the edge of the orifice. Paper breaks more as a result of 
; the shipping of fibers than of the rupture of fibers, and, hence,. the 
region about the edge of the orifice where the fibers are held by clamp- 
ing pressure would normally be the last place where a rupture would 
begin. As a matter of experimental fact the rupture almost never 
originates in this region. Should the edge of the clamp be sharp 
enough to cut the paper it would be immediately recognized by an 
| abnormal rupture originating at the edge of the orifice. On the 
other hand, if this edge were excessively rounded, the consequence 
would be an increase of the effective orifice diameter, the effect of 
| which can be inferred from the discussion in Section III, 7. This 
| edge of the clamping surface on the clamping heads now being fur- 





1 Leo W. Snyder, Effect of the Clamping Device of the Mullen Paper Tester on Test Results, Paper 
Trade Jour.; Feb. 12, 1925, and A Study of the Mullen Paper Tester, Paper Trade Jour.; Aug. 4, 1927. 
‘Allen Abrams, A study of the Mullen Tester on Paper Board, Paper Trade Jour.; Aug. 6, 1925. 
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nished is merely relieved of sharpness without being appreciably 
rounded, and the construction appears to be quite uniform for such 
as have been examined. 


3. TESTING RATE 


As with tensile tests of paper, the bursting strength depends 
slightly upon the rate of applying the load. The officially designated 
testing rate is 120 revolutions of the hand wheel per minute. The 
results given in Table 1 (gauge C) show that doubling the testing 
rate (that is, halving the stressing interval) increases the bursting 
pressure on the average by about 4 per cent. 

Air in the hydraulic chamber, since it is compressible, has the 
effect of reducing the testing rate. Ordinarily a speed of 120 revolu- 
tions per minute will cause a paper bursting at about 50 or 60 pounds 
per square inch to break in about 1 second after the pressure begins 
to build up. The introduction of a large air bubble (about 1 em °), 
into the hydraulic chamber will about double this time interval, 
Reed and Veitch * give a simple method for inspecting the tester for 
entrapped air. Its presence in quantity is also made evident by the 
relatively loud sound when paper bursts. 

The maximum-reading pressure gauge commonly used with the 
bursting tester is equipped with a damping spring which bears 
against the pointer shaft and is intended to hold the pointer in 
the position attained at the instant the paper gives way. Insufli- 
cient friction of this spring on the shaft tends to make the pointer 
register too high because of the momentum of the moving parts 
and too much friction causes the movement to be sluggish and 
irregular. As the testing rate is increased the adjustment becomes 
more and more critical. 

A series of tests was made at different testing rates with three 
gauges attached to the tester. Gauge A had friction enough to 
make the response sluggish and jerky. Gauge B had very light 
friction. Gauge C was given the optimum friction adjustment; that 
is, the maximum friction which would not result in sluggish or 
irregular response to pressure change. All three gauges were care- 
fully calibrated. Three testing rates were used, the normal rate 
which corresponds to a stressing interval of 1 second, and stressing 
intervals, respectively, one-half and twice normal. The results 
are given in Table 1. The poorly adjusted gauges show greater 
error the higher the testing rate and the greater the gauge reading. 
There appears to be no particular difficulty in adjusting a gauge so 
that it will behave properly for the normal testing rate. But when 
this rate is doubled it is very difficult to adjust the gauge so that it 
will neither lag nor overshoot. For this reason alone, testing rates 
higher than that prescribed in the official method (corresponding to a 
stressing interval of approximately 1 second for paper bursting at 
50 to 75 pounds per square inch) should not be used. Probably the 
erratic results occasionally reported and ascribed to the effect o! 
testing rate are primarily due to the use of an improperly adjusted 
gauge. 





3 E. O. Reed and F. P. Veitch, The Bursting Strength of Paper, Paper Trade J.; July 20, 1922. 
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TABLE 1.—Effect of testing rate upon bursting tests 





Bursting pressure 





| 


¥-second stressing interval | 1-second stressing interval | 2-second stressing interval 





sittin . - | 


| | | 
Gauge A|Gauge B/Gauge C/Gauge A|Gauge B/Gauge C|}Gauge * eee B/ Gauge C 
<rans 








Lbs./in.? | Lbs./in.2| Lbs./in.? | Lbs./in.2| Lbs./in.2 | Lbs./in.2| Lbs./in.? | Lbs./in.2| Lbs./in.2 

ee, ae 39. 8 41.6 39.8 38. 6 2 37.0 37.5 36. 8 
Bond (duplicate 

oe eee | 39. 0 40.1 38.9 39. 3 40. 0 39. .8 37.6 36.8 

7 50.9 50. 3 

7 


39. 0 38. 2 





36. 
Ledger ceecgcal’ ed) 58.3 56. 8 54.7 56. 5 5. 50. 
Ledger (duplicate | 
test) . | 

















56. 1 58. 0 57. 2 54. 1 55. 6 54. & 52. 5 53. 9 | 52. 


| 








Note.—The friction adjustment of the gauges was as follows: Gauge A, considerable friction; gauge B, 
light friction; gauge C, good adjustment. 


4. DIAPHRAGM ERROR 


The type of diaphragm ordinarily used as a separator between the 
glycerine chamber and the specimen is a piece of sheet rubber about 
0.03 inch in thickness. A small fraction of the pressure applied in 
bursting the paper is required to distend the rubber diaphragm, this 
pressure increment being known as the diaphragm error. When the 
diaphragm is clamped in place it tends to give toward the center to 
form a pocket which when it is inverted by the inflowing glycerine 
may be raised 0.1 to 0.2 inch above the plane of the clamping sur- 
faces before the rubber begins to stretch. Since the elongation at 
rupture of paper in the machine direction is seldom greater than 
about 5 per cent, which corresponds to a rise of the paper of about 
0.17 inch in the bursting test, the diaphragm error can not be very 
significant in any case and is, perhaps, wholly negligible in most 
cases. The least pocket effect is produced when the diaphragm is 
installed dry. It can be considerably increased by wetting the dia- 
phragm near the edge with glycerine before it is fastened in place. 
In Table 2 are shown the results obtained after installing a dia- 
phragm wet with glycerine near the edge as compared with a dry 
diaphragm instillation. The manner of installing the diaphragm 
has a negligible effect on the test results with ordinary papers. It is 
possible that the aging of the rubber might increase the resistance to 
distention an appreciable amount. If, however, the diaphragm is 
installed with an ample pocket effect and is supple to the feel there 
is nO apparent reason why it should give any trouble. The above 
observations do not apply to those heavy-duty testers having a con- 
siderably greater diaphragm error, nor to tests of materials which 
stretch considerably. 


TABLE 2.—Effect of manner of installing diaphragm 





Bursting pressure, 
diaphragm installed 





Wet Dry 








Lbs./in.2 | Lbs./in.? 
17.6 17.6 

39. 2 

57.2 
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5. EFFECT OF THE VISCOSITY OF THE LIQUID 


The liquid used in the hydraulic chamber of the bursting tester js 
glycerine, which is rather viscous, especially at low temperatures, 
Pressure is built up in this medium at a rather rapid rate in making 
bursting test. Since the Bourdon tube often contains more or less 
air, which is compressible, it is necessary to force some glycerine at a 
considerable velocity through the small opening leading to the Bour- 
don tube in order for the gauge to register. It is therefore not un- 
reasonable to expect the gauge reading to lag somewhat behind the 
true pressure value within the tester. This lag should be a function 
of the viscosity of the pressure medium. The reality of such a time 
lag was demonstrated experimentally, but it was found to be very 
small. Since the time required to build up the rupturing pressure in 
the tester is also small, tests of paper were made with liquids of 
different viscosities in order to determine the significance of this lag. 
The results are shown in Table 3. From these results it may be con- 
cluded that the use of glycerine in the tester instead of a more fluid 
medium can not be regarded as a source of sensible error. 


TABLE 3.—Effect of the viscosity of the liquid used in the hydraulic chamber of the 
bursting tester 





Bursting pressure 





Hydraulic medium | 


| Writing | Bond | Ledger | Rove 


manila 





Lbs./in.2 | Lbe./in.2 | Lbs./in.2 | Lbs./in2 





se cna ae ee ee ne eT ne 16.7 38. 8 63. 6 73.4 
Ethylene glycol..........-....--- eae ehh ame 16.9 38.3 63. 1 76.4 
ain RS Ba es eR 16.7 38. 9 61.7 75.2 














6. OPERATION OF PRESSURE GAUGES AND THEIR CALIBRATION 


Because of its relatively delicate construction the gauge requires 
more in the way of care, adjustment, and calibration than does the 
bursting tester itself. The operating conditions are rather severe. 
The pressure is built up rapidly and released suddenly, conditions 
which are not favorable to permanence of calibration. As a con- 
sequence, frequent calibrations are essential. 

A common deficiency in the operation of the bursting tester gauge 
is a sluggish or irregular response of the pointer to a change in pressure. 
A good way to inspect the gauge for such trouble is to clamp a piece 
of sheet metal in the tester, turn the handwheel up until the gauge 
begins to register pressure, and then to continue the application of 
pressure by small steps. The gauge hand should respond immediately 
to each small pressure change. If the response is sluggish or irregular 
the difficulty is probably due to foreign matter in the teeth of the 
sector and pinion or to excessive friction of the damping spring on the 
pinion shaft. Mechanical deficiencies should be remedied before the 
gauge is calibrated. The screws fastening the gauge mechanism to 
the case should be kept tight. Otherwise the calibration may be 
changed by the severe twisting which the gauge receives when it 1s 
being attached to the tester. This stress may be avoided by the use 
of a union between the gauge and the tester. 
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The 20-pound gauge should be calibrated by means of a mercury 
column. For higher pressures a gauge tester of the dead-weight type 
isconvenient. The calibration is preferably made with the gauge in 
the position in which it is used and with the use of a valving device 
which will permit loading the gauge at approximately the same rate 
as in the bursting test. Corrections for the 20-pound gauge should 
be made to the nearest ounce, for the 80-pound gauge to the nearest 
one-fourth pound, and for the 160-pound gauge to the nearest one-half 
pound. This corresponds to a sensitivity of 1 part in 320 for the 
maximum gauge reading. 


7. SIZE OF THE ORIFICE IN THE CLAMPING HEAD 


The percentage of elongation at rupture being constant for a given 
paper, the ratio of the diameter C, of the orifice to the length of the 
arc of paper subtending it at rupture is constant as C varies, from 
which 1t follows that the angle 6 subtended by the are (and conse- 


quently its sine) is constant. Therefore, R sin 


6 , 
=>’ where R is the 
_ 


0 
2 
radius of curvature. A constant relationship thus exists between R 
and C for a given paper at the moment of rupture, which is independ- 
ent of the size of the orifice. Substituting this value of FR in equa- 


, P - — ‘ 
tion (1), section V, we have PC=4 T sin Inasmuch as the tensile 


2 
breaking strength 7 of a given paper is constant, it follows that the 
product of the bursting pressure P and orifice diameter Cis constant. 
Foster * showed this to be approximately true for textiles by using 
three testers having bursting orifices 1%, 4, and 8 inches in diameter. 
Some data obtained by Abrams? also tend to substantiate ¢his relation. 
lfin Table 7 of his report the bursting pressures are multiplied by the 
square roots of the respective orifice areas, the spread of the products 
is only about 8 per cent. Abrams did not, like Foster, use different 
testers having bursting orifices of different sizes, but used washers 
with different sizes of holes in the center through which the paper was 
foreed. This procedure allows the paper to stretch over a larger area 
than that corresponding to the bursting orifice, as a consequence of 
which the ratio of the radius of curvature to the diameter of the 
bursting orifice is no longer constant for a given material. The 
smaller the hole in the washer the more is the bursting pressure 
increased over what it would be if the paper were free to stretch only 
over the area corresponding to the bursting orifice. Hence, the 
product of orifice diameter and bursting pressure obtained in this 
manner, instead of being constant, should be somewhat larger for the 
smaller orifice diameters than for the larger ones. This is true of 
Abrams’s data. Table 4 gives the results of additional tests by the 
authors. Measurements were made on five samples of paper, each 
recorded result being the average of 20 individual tests. A set of 
metal plates was used having orifice diameters approximately as 
follows: 4, %, %, 1, 1%, 1%, and 2 inches. The values for the product 
of bursting pressures and orifice diameters in the last column of Table 
4 are greatest for the smallest diameter and decrease uniformly as 
the orifice is increased in size, as one might expect. 
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TaBLe 4.—Effect of size of bursting orifice on bursting pressure 


[Clamped area constant except for the two largest orifices] 




















| | 
Orifice | Bursting 
Paper diameter | pressure} PXC 
C r 
Inches | Lbs./in.? 
0. 25 108. 2 27.0 
. 49 52.9 25. 9 
75 33. 2 24.9 
CL ee ee ee 1.00 22. 2 22.2 | 
| 1. 24 5.5 19, 2 
1. 38 12.1 16.7 | 
i i 8.5 16.7 | 
49 110. 1 53. 9 | 
75 69. 6 52. 2 
’ 1. 00 49.9 49.9 
Bond... ..--.------------------ 1. 24 38. 1 47.2 | 
1. 38 32. 6 45.0 } 
1.97 21.5 42. 4 | 
.49 122. 2 59.9 | 
45 75.3 56. 5 | 
100 | 54.1 54. 
ee ee ees 1 24 my 2 4 ; 
1. 38 35.3 48.7 
1.97 24.6 48.5 
| 75 112.9 84.7 
ELGAR 100 | 83.4 83. 4 
| 120 | 65.4 78.5 
7 140. 0 105. 0 
1. 00 102. 3 102. 3 
Rope manila_-____- 1.24 | 75.9 94.1 
1. 38 63. 7 87.9 
1.97 42.2 83. 1 





When it ‘was first proposed to replace the rubber-ring type of 
clamping head with an all-metal one there was inadvertently intro- 
duced into the experiments the effect of a small difference in the size 
of the bursting orifice. The orifice in the rubber ring is reamed to 2 


TABLE 5.—Comparison of rubber and metal bursting orifices 

















Bursting pressure } 
ee ee -_ | 
| Metal orifices 

Paper — re 
Rubber | 
orifice! | 1.20 1.24 +e 

. | inches inches — 
| diameter | diameter 
chigaltlich gti hissed 
Lbs./in.2 | Lbs./in.2| Lbs./in.4) Per cent | 
i A Se Te 16.6 | 16.5 16.3 L2 
f 39.9 39.0 37.9 2.8 | 
Bond. ...------- 60.7 61.4 59.3 3.4 | 
lf 53.8 53.2 52.7 0.9 | 
Ledger-..----------- 67.2 65.9 65.1 12 
ee eee | 63.1 59.9 59. 0 1.5 
Rope, manila__..-...| 79.7 78.8 | 77.0 23 | 
| | | 








1 The nominal diameter of the rubber orifice was 1.24 inches, but under clamping pressure the orific 
closed up to an actual diameter of about 1.20 inches. 
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diameter of 1.24 inches. The first all-metal clamping heads experi- 
mented with were, therefore, made with orifices 1.24 inches in diameter. 
When comparative tests were made of the two types of clamps it 
was found that the all-metal clamp gave somewhat lower bursting 
values than the rubber-ring type of clamp. A new rubber-ring type 
of clamping head was placed over a diaphragm plate and arranged 
ina hydraulic press in such a manner that measurements of the orifice 
diameter could be made. When the normal clamping load was 
applied the orifice diameter was found to be only 1.20 inches, which 
is the actual working diameter. An all-metal clamping head having 
an orifice 1.20 inches in diameter gave results in satisfactory agree- 
ment with the rubberring. Comparative tests of the rubber and 
metal orifice plates are shown in Table 5, each value tabulated being 
the average of from 40 to 100 individual bursting tests. The differ- 
ence in results obtained with the two all-metal clamping heads having 
orifices of 1.20 and 1.24 inches in diameter ranged from 0.9 to 3.4 per 
cent, the theoretical difference being 3.2 per cent. 


IV. COMPARISON OF THE NEW, MOTOR-DRIVEN TESTERS 
WITH THE OLDER, HAND-DRIVEN TESTERS 


The hand-driven bursting testers, which have been in use for a 
long time, are being replaced to a considerable extent by a new 
motor-driven model having the all-metal clamping head. The 
motor-driven testers at first had a higher operating speed than that 
prescribed in the official bursting-test method, a condition which has 
since been corrected. Some comparative tests were therefore made 
with this new high-speed tester and one of the older hand-driven 
testers equipped with the rubber orifice plate and operated at normal 
speed. The results of these tests are shown in Table 6.. Data were 
also taken from-routine test records of such tests as had been made 
on the two testers. These results, which are averages of only 10 
test in each case, are shown in Table 7. In most cases the agreement 
is about as good as is ordinarily obtained in duplicate tests on the 
same tester. 


TaBLE 6.—Comparison of (a) new motor-driven tester having metal clamping head 
containing the 1.20-inch orifice with (b) the regular hand-driven tester with rubber 
orifice plate 











Bursting pressure 
Paper ———————— 
(a) (6) 
Lbs./in.2 | Lbs./in.2 
i 16.1 16.3 
| RA SSE a: 39. 1 38.9 
Sree 52.1 53.5 
1” Eee 58. 2 59. 4 
it Se epic a nine 59. 2 61.6 
Dod on ca s dae obs 64.8 7.0 
Rope, manila--.--._..- 77.1 78.7 























348 Bureau of Standards Journal of Research [Vol.6 


TABLE 7.—Same as Table 6, the data being taken from the records of regular routine 
tests 


Bursting pressure 
Paper 
(a) (b) 
| 


Lbs./in.2 | Lbs./in.4 








Label _. : 47.9 48. 6 
Index cards. - | 97.3 94.7 

{ 79.0 76.4 
Ledger | 64.3 63.3 

| 61.7 62.5 
Bristol board | 142.8 143.9 | 
Test liner-- | 96. 7 97.2 | 

| 

1 


V. RELATION OF BURSTING TO TENSILE RESULTS 
1. THEORY 


The bursting test is commonly regarded as one of the cardinal tests 
of paper and is not ordinarily thought of as being encompassed by 
other tests commonly made on paper. There is, however, a well- 
known formula suggestive of a definite relation between the so-called 
bursting strength and the tensile properties of paper as ordinarily 
determined with the tensile tester. This equation— 


PR=2T (1) 


in which P is the internal pressure, R the radius of curvature, and 
T the tensile stress per unit width, relates the pressure within a spher- 
ical shell to the tensile stress per unit width of the material composing 
the spherical shell. Some years ago one of the authors called atten- 
tion to this equation and suggested its applicability to the bursting 
test of paper.® There are, however, several circumstances which 
foster doubt as to the validity of applying this equation to the bursting 
test of paper, as a consequence of which no serious attempt appears to 
have been made heretofore to test its validity in the field of paper, 
although Foster’ in a study of textile materials found a fairly good 
agreement between the experimental tensile results and those calcu- 
lated by means of this equation from data obtained with the bursting 
tester. 

If paper were an isotropic material, and if a spherical surface were 
known to be formed at the instant of rupture in the bursting test, it 
would obviously be valid to apply the equation to the bursting test 
The internal pressure is directly indicated on a maximum-reading 
gauge and the paper gives way after the manner of a tensile rupture. 
There are, however, some reasons for doubting the sphericity of the 
paper surface. In the ideal case of a homogeneous, isotropic material 
a spherical surface would not be developed from a plane sheet of 
material under pressure as in the bursting test, as has been shown by 
mathematical analysis in the case of a plate held at the edges and sub- 
jected to uniform pressure. Moreover, paper is not an isotropic 
material. In the machine direction it is stronger, but has a smaller 


elongation at rupture than in the cross direction. It might be 





6 An Analysis of the Strength of Paper, Paper Trade J.; Mar. 20, 1924. 
7 See footnote 4, p. 345. 
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Ficure 1.— Bursting strength tester for paper 
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l'IGURE 2.—Bursting tester with device attached for measuring the vertical 


deflection of specimen 
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jreasoned, therefore, that if the surface is not spherical in the ideal case 
it surely would not be in the case of an anisotropic material, such as 
Jpaper under conditions far beyond the elastic limit of the material. 
jn the other hand, it seems not improbable that the surface developed 
by paper, the thickness of which is very small in comparison with the 
Jiength of the specimen and the stretch of which is in large measure 
permanent deformation, might approach a spherical surface. 

In applying equation (1) 7'is taken as the tensile breaking strength 
per unit width in the machine direction of the paper, since the limit of 
stretch is first reached in this direction under the conditions of the 
bursting test. It is an experimental fact that in the bursting test the 
rupture begins with the failure of machine direction fibers. As a 
matter of fact the bursting test is often used as a means of determining 
the machine direction of paper. 

The value of R, the radius of curvature, is calculated from the rise 
¥of the apex of the stressed specimen by the following equation: 






























ay?+C. 

= -—— - 9 
R=" (2) 
in which # is the radius of curvature, V the vertical rise of the paper 
at the apex, and C the diameter of the bursting orifice. _ 

In order to relate the elongation at rupture to the radius of curva- 


ture, one other equation is necessary: 


, 200R 
ia 


in which £ is the elongation at rupture in per cent, R is the radius of 
curvature, and C is the diameter of the bursting orifice. The value 
of C for the bursting tester used in these experiments is 1.20 inches. 


are sin _ 100 (3) 


2. SPECIAL APPARATUS 


The value of V, the vertical rise of the paper in the bursting test, 
is small, only one or two tenths of an inch. This deflection is meas- 
ured by the special recorder illustrated in Figure 2. It consists of a 
lever of the third class, the shorter arm being actuated by the rise of the 
paper and the longer arm being provided with a recording pen which 
makes an autographic record on a chart moved horizontally by the 
pressure plunger of the bursting tester. When the paper bursts a 
sharp break occurs in the curve on the chart, from which the vertical 
rise of the pen corresponding to the position of rupture can be meas- 
ured. The apparatus was calibrated by means of a dial micrometer. 
it was found that the clamping pressure squeezed the paper into the 
bursting orifice enough to cause a slight initial depression of the re- 
cording pen of about 1 or 2 mm which had to be taken into account 
in determining the value of V from the graphs. A typical auto- 
graphic deflection curve is shown in Figure 3. 


. 


3. EXPERIMENTAL DATA 


Tests were made of bursting pressure and vertical deflection on 
seven samples of paper, and simultaneously tests were also made of 
tensile breaking strength and elongation at rupture with the tensile 
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tester. Ten tests were made on each sample with each tester. Pre- 
cautions were taken to eliminate errors as far as possible. The 
samples were conditioned and the tests were made under standard 
hygrometric conditions. Each sample was carried through all the 
tests before the next sample was tested. In making the tensile tests, 
specimens 180 mm 
in length were used 
* so that the elonga- 
tion data could be 
read directly in per- 
centage. The re- 
—7-—_ sults were observed 
immediately after 
the specimens 
broke, as it was 
found that if one 
waited until the 
stressing jaw wasre- 
turned to its initial 
oT interya indicated bythe aero repreentathe vertiod movement’ position the vibra- 
tion would often 
cause the elongation pointer to indicate too great areading. The 
tensile tester was calibrated over the necessary range before the tests 
were made. The bursting tests were made with the all-metal tripod 
clamp having a bursting orifice 1.20 inches in diameter. The clamp- 
ing spring was calibrated and a clamping pressure applied sufficient 
to prevent slipping. 
With the results thus obtained, it was possible to calculate by 
means of the three equations of the preceding section the machine 
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Figure 3.—Typical autographic deflection curve for 
paper being burst 
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Figure 4.—Graph of the equation, E= —G are sin aR 100, in which 


C= 1.20 inches 


direction tensile breaking strength from the bursting data, or the 
“bursting strength’? from the tensile data, or the elongation at 
rupture (machine direction) from the bursting pressure and the 
tensile breaking strength (machine direction). In order to deter- 
mine R from a known value of EZ when solving equation (1) for P 
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or T, it was necessary to employ a graphic solution of equation (3) 
between the necessary limits, since & can not be expressed explicitly 
in terms of #. The graph of this equation is shown in Figure 4, 
from which either H or R may be determined if the other is known 
Both the experimental and the calculated values, arranged for ready 
comparison, are shown in Table 8. 

For the convenience of the reader the calculated quantities in this 
table are, as far as possible, expressed explicitly in terms of the 
experimental quantities in the following four equations, which are 
obtained by combination of equations (1), (2), and (3): 


TaBLe 8.—Relation of bursting and tensile results 
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In equation (7) the value of R is determined from Figure 4, which is 
the graph of equation (3). The angles involved in equations (5) 
and (6) are in radians. 

Although there are a few instances in the table in which the agree- 
ment between experimental and calculated values of properties is 
not all that might be desired, it is, in general, as good as that of 
duplicate experimental determinations. 

From these results it is evident that the bursting strength is deter- 
mined by the properties of paper in its stronger direction and that it 
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is therefore inadequate for the specification of the strength of certain 
types of paper. A typical case in point is the specification of strength, 
to be determined by means of the bursting test, of rather poorly 
formed perforated papers in rolls, such as toilet tissue and paper 
towels. In many cases such paper will not tear consistently along the 
perforations, but splits lengthwise because of the disparity between 
the machine direction strength and the cross-direction strength, a 
condition about which the bursting test can give no information. 
From the viewpoint of the testing laboratory the bursting test ap- 
pears to be merely a convenient, although a somewhat inadequate, 
substitute for the tensile test. ts justification appears to be chiefly 
in the mobility and sturdiness of the testing device and the facility 
with which a direct determination may be made of an empirica 
quantity, involving strength and stretch. The bursting test is re- 
garded by the paper industry as having considerable significance in 
connection with many uses of paper, and appears to be especially 
valuable to the practical paper maker in mill control. ; 


VI. CONCLUSIONS 


1. Slipping of the specimen during the test gives high bursting 
values. A clamping force of about 1,000 pounds is required to insure 
against the slipping of the common types of flexible papers. Slipping 
is readily detected by the movement of the edges of the specimen 
during the test. Within certain limits the gripping efficiency is 
practically independent of the area of the clamping surfaces. 

2. All-metal clamps are superior in clamping efficiency to the rubber 
ring type, as well as being permanent in respect to the size and shape 
of the bursting orifice. 

3. The bursting strength of paper increases slightly with the testing 
rate. For a constant plunger speed the testing rate is decreased 
by the presence of air in the hydraulic chamber. The bursting value 
may be affected by poor adjustment of the damping spring in the 
pressure gauge, the error being greater the higher the testing rate and 
the greater the gauge reading. The testing rate may conveniently 
be expressed in terms of the time interval of stressing the specimen 
and in order to correspond to the officially designated rate of testing, 
this should be about 1 second for papers bursting between 50 and 
75 pounds per square inch. 

4. The diaphragm error in the type of tester studied is small, in 
consequence of which the manner of installing the diaphragm is a 
negligible factor in the results. 

5. The viscosity of the gylcerine is also a negligible factor in the 
bursting results. 

6. As much friction as is consistent with the ready and smooth 
response of the gauge appears to be the optimum adjustment of the 
damping spring in the pressure gauge. 

7. For a given paper the bursting pressure is approximately 
inversely proportional to the diameter of the bursting orifice. The 
all-metal clamping head with an orifice 1.20 inches in diameter is 
substantially the equivalent in performace of the old-style rubber 
faced clamping head, the orifice of which has a nominal diameter of 
1.24 inches but an effective diameter of only 1.20 inches. 
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8. The bursting strength of paper is determined by the tensile 
properties of the machine direction of paper, is apparently not affected 
by the cross direction properties, and reveals nothing which could not 
be determined by a tensile test. Of the three properties, bursting 
strength, tensile breaking strength (machine direction), and elongation 
at rupture (machine direction), any one may be readily calculated if 
the other two are known. Because of this relation it is possible to 
supply to some extent missing elongation data in the literature of 
paper testing. 


Wasuineton, December 19, 1930. 
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